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Abstract 
This thesis aims to investigate the formation of complex two-dimensional (2D) on 
solid surfaces. Investigations have been carried out to synthesise and characterise novel 
2D functional molecular networks with controllable morphologies and properties on 
highly oriented pyrolytic graphite (HOPG) surfaces. Two molecular systems that 
undergo non-covalent 2D self-assembly and one molecular system that demonstrates the 
formation of 2D covalent-organic frameworks (2D-COFs) have been studied. 
Following an introduction in chapter 1, chapter 2 provides a background to the 
doctoral research. Chapter 3 presents the experimental and theoretical methodology 
used during the thesis.  
Chapter 4 details scanning tunnelling microscopy (STM) investigations of the 
interfacial self-assembly of a tetra-carboxylic acid derivative, 5, 5'-(anthracene-2,6-diyl) 
diisophthalic acid (ATC). This prochiral molecule forms chiral domains when it 
self-assembles into 2D molecular network at a liquid-solid interface. The morphology of 
the ATC networks is tuneable by changing the concentration of ATC in solution. Three 
distinct structural arrangements of ATC have been observed within the same 2D 
self-assembled network.  
Chapter 5 describes STM investigations of self-assembled porphyrin networks 
organised by selective hydrogen bonding between DNA nucleobases at a liquid-solid 
interface. Driven by homo-molecular thymine-thymine and hetero-molecular 
thymine-adenine interactions, both mono-component and bi-component self-assembled 
structures have been formed using freebase and metal containing thymine functionalised 
porphyrins.  
Finally, in chapter 6, a Schiff-base condensation reaction has been utilised to grow 
highly ordered 2D-COFs using tetra-amine functionalised porphyrin and 
benzene-1,4-dicarboxaldehyde (BDA) at a vapour-solid interface. These structures have 
been investigated experimentally using STM, atomic force microscopy (AFM) and 
X-ray photoelectron spectroscopy (XPS). The chemical composition of the 2D-COFs 
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was found to be closely related to the environmental conditions during growth. Our 
results demonstrate that complementary experimental techniques that probe both the 
structure and the chemical composition of 2D materials are necessary when 
investigating 2D-COF materials. 
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Chapter 1  
Introduction  
1.1 From non-covalent supramolecular self-assembly to 
covalent on-surface synthesis 
Supramolecular self-assembly is the spontaneous process by which simple molecular 
components organise themselves into complex structures through non-covalent 
intermolecular interactions. As an equilibrium process, self-assembly occurs via 
nucleation and growth, and proceeds towards the minimization of free energy. During 
the formation of a self-assembled structure, the molecular components of a system have 
the possibility to adopt a large number of different configurations. When the interactions 
between the components are weak and reversible, the individual molecules can easily 
attach and detach from a growing molecular structure. Consequently, the molecular 
system can adjust the packing arrangement of the molecules until reaching the 
configuration with the lowest free energy.  
Self-assembly has attracted huge research interest for several reasons. Because of 
the ability to sample numerous different structural configurations as mentioned above, 
self-assembly of molecular components can lead to the formation of nanostructures with 
high levels of spatial order. Due to the abundance of biological and synthetic molecular 
components, self-assembly is a versatile bottom-up method that can be used to fabricate 
complex, functional structures. Moreover, the self-assembly of molecules can be carried 
out in a wide array of different environments such as in solution, on solid surface or at 
the liquid-solid interface. Despite these advantages, applications of supramolecular 
self-assembly are still often limited by the inherent weakness of the individual 
non-covalent bonds that are used to stabilise these structures.  
Examples of supramolecular self-assembly are commonplace in biological systems, 
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including: the assembly of lipids to form membranes, the formation of multiple folded 
proteins and the double helical structure of deoxyribonucleic acid (DNA). Based on the 
recognition and highly selective binding found in these biological structures, researchers 
have explored similar methods to design synthetic nanostructures. In one example based 
on this approach, Y. He et al. proposed a method to assemble large three-dimensional 
structures by copying basic DNA units as demonstrated in Figure 1.1 [1]. For this 
strategy, three different types of DNA single strands (S, M and L/L’) are first assembled 
into three-point-star motifs which can act as unit building blocks for the further 
assembly of DNA polyhedra. 
 
Figure 1.1 Schematic representation of the self-assembly of DNA polyhedral [1]. 
An important sub-division of research into supramolecular self-assembly is the 
formation of two-dimensional (2D) molecular networks on solid surfaces.  
Surface-based self-assembly has been shown to occur under various different 
environmental conditions including ultra-high vacuum (UHV) and liquid-solid 
interfaces. One important example of 2D self-assembly under UHV conditions is that of 
perylene tetra-carboxylic di-imide (PTCDI) and melamine. The self-assembly of PTCDI 
and melamine forms a 2D hexagonal network (see Figure 1.2) stabilised by a triple 
hydrogen bond between adjacent PTCDI and melamine molecules [2]. The PTCDI and 
melamine molecules form a porous hexagonal network when these molecules are 
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deposited on a Ag/Si(111)-             surface under UHV conditions. The 
molecular network formed by PTCDI and melamine has well-defined pores that can act 
as ‘nanoscale containers’. These pores offer space to accommodate fullerene guest 
molecules that are deposited on-top of the pre-formed self-assembled network. 
 
Figure 1.2 (a) Chemical structures of PTCDI and melamine. Schematic diagram of a 
PTCDI-melamine hydrogen bonded junction. (b). Schematic of a C60 heptamer trapped within a 
pore of the PTCDI-melamine open hexagonal network. [2] 
Supramolecular 2D self-assembly allows the quick and easy formation of highly 
ordered structures over large surface areas. In contrast to some top-down methods of 
nanostructure formation, e.g., lithographic processes, which have limited spatial 
resolution and strict requirements for instrumentation and surface preparation, 
supramolecular self-assembly provides an economical and rapid bottom-up approach to 
the fabrication of ordered structures with nanometre precision. 
One promising future research trend in supramolecular self-assembly is the 
application of molecular networks as templates which can accurately direct the 
assembly of other nano-sized components. For example, the formation of the previously 
described PTCDI-melamine network has also been reported on a gold surface using a 
solution-based fabrication strategy [3]. The utilisation of solution-based deposition 
allows a wider range of molecular components to be used than would be possible under 
UHV and opens the possibility of more complex modification of the self-assembled 
structures. The results on the PTCDI-melamine self-assembly on gold demonstrate that 
the network exhibits sufficient stability to be used as a template to assemble three types 
(a) 
 
(b) 
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of thiol molecules. Moreover, a more recent study has shown that gold nanoparticles 
which exhibit useful electronic and optical properties can also be incorporated into 
self-assembled mono-layers at the phenyloctane-graphite interface [4].These types of 
hybrid molecular-nanoparticle systems not only open up novel possibilities to increase 
network functionality for technological applications, but also help enhance scientific 
understanding of the unique properties of these materials at the nanometre scale.  
 
Figure 1.3. Schematic diagram showing the different possible arrangements of sodium dodecyl 
sulphate molecules physisorbed onto a CNT surface [5]. 
The development of 2D supramolecular self-assembly is of considerable 
importance to a number of other relevant disciplines as well. Firstly, in the field of 
surface functionalisation, the assembly of surfactants and synthetic lipids has been 
employed to decorate the surface of carbon nanotubes (CNTs) for the purpose of 
developing new bio-sensor and bioelectronic nanomaterials (Figure 1.3) [5]. In contrast 
to other covalent chemistry strategies, supramolecular self-assembly is more attractive 
as it functionalises the surface without altering the inherent physical properties of the 
CNTs. Detailed investigations have been carried out on the acquisition of stable 
supramolecular assemblies at the CNT-liquid interface. Secondly, supramolecular 
self-assembly plays an important part in the design of optical sensor devices. Due to the 
ability to combine the properties of organic and inorganic components, supramolecular 
metal-organic assemblies can potentially be applied for the sensing of molecules and 
ions. A supramolecular chromatic sensor, which is able to rapidly detect Ni
2+
, Cd
2+
 and 
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Cr
2+
 at micro-molar concentrations has been constructed via self-assembly [6]. 
Lanthanide ions, which exhibit particularly desirable photo-physical properties, have 
been reported to be used in supramolecular luminescent sensors in various ways [7]. 
Thirdly, self-assembled structures have been found to have an impact on the 
development of molecular electronics. A key example includes the application of 
self-assembled guanosine derivatives in the fabrication of electronic nano-devices [8]. 
Self-assembly enables the realisation of these devices in a cheap and easy to implement 
approach. However, self-assembled structures do lack control over the material 
orientation between electrodes. 
The sample preparation methods used for the majority of self-assembled molecular 
networks can be classified into two main sub-groups: sublimation and solution-based 
deposition [9]. In sublimation processes, molecular materials are thermally evaporated 
onto solid surfaces under UHV conditions. Sublimation achieves high versatility at the 
expense of time, effort and applicability for large molecular species. In solution-based 
deposition approaches, a drop of solution containing the target molecules is deposited 
directly onto a substrate. Self-assembled networks can then form either directly at the 
liquid-solid interface, or at the air-solid interface following solvent evaporation. When 
using volatile solvents, the final surface coverage can vary between sub-monolayer and 
multi-layer films. In contrast, solution-based deposition techniques using non-volatile 
solvents offer more intriguing possibilities for the investigation of self-assembled 
systems: the structure of solvent molecules and the concentration of solutions can have 
an important influence on the morphology of self-assembled structures. 
One obstacle to the application of 2D supramolecular networks in real-world 
applications is their poor chemical and thermal stability. A promising solution to help 
overcome this weakness of 2D self-assembled structures is to link together molecular 
building blocks using covalent bonds. The idea of covalently bonded molecular 
networks has opened up a multidisciplinary area of research, known as two-dimensional 
covalent-organic frameworks (2D-COFs). 2D-COFs have attracted significant interest 
from diverse research communities including: supramolecular chemistry, nanoscience, 
organic synthesis and materials science. The covalent interlinking of molecular 
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components within 2D-COFs provides these materials with enhanced stability and the 
potential to form new, fully conjugated 2D structures. The wide variety of molecular 
building blocks made available by organic synthesis means that the properties of 
2D-COFs can be tuned by careful selection of the component molecules. The ability to 
design and control the physical properties of 2D-COFs means that 2D-COFs are 
emerging as novel 2D materials for applications in areas such as sensing, molecular 
electronics and catalysis.  
1.2 Thesis outline  
This PhD thesis addresses some of the research questions at the forefront of the field of 
2D organic molecular networks, including self-assembled structures organised by 
hydrogen bonding between carboxylic acid groups, and porphyrin arrays linked by 
non-covalent and covalent bonds. Both 2D molecular self-assembly and on-surface 
synthesis are studied using a combination of scanning probe microscopy, spectroscopic 
experimental techniques, and theoretical simulations. The results presented in this thesis 
focus on three molecular systems and help to provide a deeper understanding of the 
driving forces behind the self-assembly of 2D molecular networks and the growth 
routes and properties of high-quality 2D-COFs. The doctoral research has contributed to 
advances in the design, and growth of novel 2D functional molecular networks with 
controllable morphologies and chemical properties.  
Chapter 2:  
This chapter gives a background to the doctoral research by presenting an outline 
of the current state-of-the-art in research into 2D supramolecular self-assembly and 
on-surface synthesis of 2D-COFs. The discussions will be mainly focused on 2D 
self-assembled networks at liquid-solid interfaces and single-layered 2D-COFs formed 
under ambient conditions.  
Chapter 3:  
All the significant experimental techniques and simulation methods employed in 
the thesis are described, including scanning tunnelling microscopy (STM), atomic force 
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microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and molecular mechanics 
(MM) simulations.  
Chapter 4:  
The interfacial self-assembly behaviour of a tetra-carboxylic acid derivative, 
5,5 -´(anthracene-2,6-diyl) diisophthalic acid (ATC) is studied using STM operating at a 
liquid-solid interface between a graphite surface and an organic solvent. This work 
includes a study of the dependence of the morphology of the self-assembled network on 
the concentration of molecules in solution, and the co-adsorption of ATC with guest 
molecules.  
Chapter 5: 
This chapter focuses on the 2D self-assembly of thymine-functionalised porphyrin 
molecules, including freebase and Zn-containing tetra-(phenyl-thymine) porphyrin. This 
research investigates the possibility of forming hetero-molecular structures driven by 
the hydrogen bonding interactions between thymine and adenine functional groups. In 
addition, multi-component self-assembly of thymine-functionalised porphyrins with 
melamine molecules is also discussed.  
Chapter 6:   
This chapter presents a systematic investigation of the formation of porphyrin 
2D-COFs on graphite surfaces via  Schiff-base condensation reaction between 
benzene-1,4-dicarboxaldehyde and freebase or zinc-containing tetra-amine 
functionalised porphyrins. Both the morphology and chemical structure of the porphyrin 
2D-COFs was studied using a combination of scanning probe microscopy (SPM) and 
X-ray photoelectron spectroscopy (XPS).  
Chapter 7:  
In the last chapter, all the findings and conclusions of the research carried out in 
the chapters 4, 5 and 6 will be summarised. Based on these results, future directions for 
this work will be suggested.
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Chapter 2  
2D self-assembly and on-surface synthesis 
This chapter is a review of the state of current research into 2D functional molecular 
networks formed either via non-covalent self-assembly or via on-surface chemical 
reactions. Relevant work in the literature will be discussed to give an overview of the 
background knowledge, important research questions and possible future trends in the 
area of 2D organic molecular nano-architectures. A particular focus will be given to 2D 
molecular networks fabricated under ambient temperature and pressure conditions.  
2.1 Thermodynamics and kinetics of 2D self-assembly 
Numerous different 2D self-assembled structures have been formed under 
environmental conditions ranging from UHV to liquid-solid interfaces. The growth 
processes of 2D self-assembled structures are influenced by both thermodynamic and 
kinetic effects.   
Figure 2.1 illustrates how molecules or atoms that are deposited from the vapour 
phase grow into nanostructures on a surface [10]. The atoms or molecules are assumed 
to be deposited onto the surface at a constant deposition rate F. Activated by thermal 
energy, these adsorbed species can overcome surface diffusion barriers and move 
laterally on the surface. This lateral motion continues until adsorbates are trapped by 
fixed nucleation sites, such as surface defects or steps edges, or until sufficient binding 
to other adsorbates occurs to allow the formation of a stable nucleus. At low diffusivity 
to deposition rate ratio (D/F), the adsorbates do not have enough time to find the lowest 
energy configuration on the surface before meeting other adsorbed molecules or atoms. 
Thus the system is not at a minimum energy configuration and the growth process is 
controlled by kinetics. In comparison, structure growth at large D/F, where adsorbates 
are highly mobile and can sample many different configurations on the surface before 
Chapter 2. 2D self-assembly and on-surface synthesis  
9 
forming a nucleus, can be termed as thermodynamically controlled. For supramolecular 
self-assembly at liquid-solid interfaces, adsorbed molecules have the possibility to 
desorb back to solution and solvent molecules may also adsorb back onto the surface, 
rendering the growth mechanism more complicated. 
 
Figure 2.1. Schematic diagram showing growth processes for atoms or molecules deposited at 
surfaces. D = diffusivity, the mean square distance by which an adsorbate travels per unit time; 
F = deposition rate. The ratio D/F characterises the growth regime: kinetically or 
thermodynamically controlled. [10] 
In order to rationalise the experimentally observed formation of different 2D 
self-assembled structures, the respective roles played by kinetics and thermodynamics 
in controlling 2D self-assembly processes have been investigated extensively [11].  
As an equilibrium process, self-assembly in 2D leads to a minimisation of the free 
energy of a molecular system. The free energy of the system can be represented by the 
Gibbs free energy as written below:  
                                                            (2.1) 
where    is the change in Gibbs free energy,    is the change in enthalpy,    is the 
change in entropy and T is the absolute temperature of the molecular system.  
During the self-assembly of extended ordered structures on a solid surface, the 
entropy of the molecular system decreases. This decrease in entropy should be 
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compensated by an increase in enthalpy so that    is negative. The increase in 
enthalpy can be achieved by the formation of intermolecular interactions between 
molecular components. In the case of 2D self-assembly at a liquid-solid interface, the 
morphology of self-assembled molecular networks is related to several factors, 
including molecular structure; solvent type; surface structure; concentration; and 
temperature.  
Similar to other self-assembly processes, individual molecules in 2D can also 
attach or detach from a growing structure until an arrangement with the lowest free 
energy is reached. In addition to this equilibrium aspect, non-equilibrium processes are 
also involved in the growth of 2D self-assembled structures. Therefore, kinetic effects 
play an important role in determining the morphology of the resulting 2D molecular 
networks. At a liquid-solid interface, enthalpy gains for a molecular systems are  
associated with both the adsorption of solute and solvent molecules and the formation of 
intermolecular interactions.  
As described previously for Figure 2.1, the self-assembly process for extended, 
ordered 2D molecular networks occurs via two steps: nucleation and growth. During a 
nucleation process, a region of stable self-assembled network with a size larger than the 
critical nucleus size is formed. After the nucleation, the network continues to grow by 
the addition of individual molecules at the periphery. Non-equilibrium arrangements can 
form because they have a faster nucleation or growth rate than the equilibrium structure. 
If the system does not have sufficient energy to overcome the energy barrier for the 
transition from the as grown arrangement to the free energy minimum structure, the 
non-equilibrium arrangements will persist on the surface. In this case, the molecular 
system is kinetically trapped. The formation of defects and disordered molecular 
arrangements also results from kinetic trapping. When the concentration of target 
molecules is high or the temperature is low, individual molecules will add to the 
growing nucleus at a rapid rate. Under this condition, a molecule that attaches to the 
periphery of the nucleus into a defective arrangement may be trapped by further 
molecules adding to the structure. Consequently, the configuration of the molecule 
cannot be adjusted to reach the minimum free energy arrangement.  
Chapter 2. 2D self-assembly and on-surface synthesis  
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The formation of domains and domain boundaries in surface-based 2D 
self-assembled networks also results from kinetic effects. When molecules are deposited 
on a surface multiple nucleation points occur across the surface. Growth of each 
nucleation point leads to the formation of an individual domains. Domain boundaries 
are formed when domains with different orientations or alignment meet each other. The 
domain boundaries consist of molecules in energetically unfavourable packing 
arrangements. If sufficient energy is provided to the molecular system, the domain 
boundaries can be eliminated via a process known as Ostwald ripening [12]. In Ostwald 
ripening, larger domains grow at the expense of smaller domains, reducing the amount 
of domain boundaries..  
At a liquid-solid interface, the formation of stable and highly ordered 
self-assembled monolayers with structures that do not evolve with time can be 
thermodynamically controlled. In this case, the adsorbed molecules are in equilibrium 
with molecules in solution and the entire system which includes surface, solution and 
self-assembled monolayer, is at a minimum Gibbs free energy state. However, currently 
there is no generalised thermodynamic model that describes 2D supramolecular 
self-assembly at liquid-solid interfaces [13]. Effects of thermodynamic factors such as 
solute concentration, solvent type and temperature have been explored in numerous 
different publications. However, to determine the exact roles of these parameters in the 
thermodynamics and kinetics of interfacial self-assembly and to develop a general 
thermodynamic model that is applicable across a range of different molecular systems, 
further investigations are still required.  
2.2 Factors controlling interfacial 2D self-assembly  
As mentioned previously, the morphology of 2D molecular networks self-assembled at 
liquid-solid interfaces can be influenced by a range of factors, such as molecular 
structure, surface structure, solvent type, concentration and temperature. In this section, 
our current understanding of these factors will be introduced. Firstly, we will present the 
role that molecule-molecule and molecule-substrate interactions play in 2D 
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self-assembly. Secondly, the influence of solvent structure, concentration and 
temperature on the morphology of 2D self-assembled networks will be discussed. 
Gaining a deeper understanding of these factors will help to realise the prediction and 
systematic design of self-assembled networks either through tailoring the functional 
groups of component molecules, or by controlling experimental conditions.  
2.2.1 Molecule-molecule and molecule-surface interactions 
In the field of surface-confined molecular self-assembly, molecule-molecule and 
molecule-substrate interactions play a combined role in the stabilisation of molecular 
networks. The morphology and dimensionality of self-assembled structures can be 
tuned by adding functionalising molecular building blocks with suitable chemical 
groups at different positions [14]. These functional groups can be chosen to promote 
specific types of directional, non-covalent interactions.  
Non-covalent interactions between molecular building blocks have an important 
impact on the creation of self-assembled structures. The formation of complex, 
functional supramolecular systems is often a result of more than one type of 
non-covalent interactions working in a cooperative way [15].  
Among various non-covalent interactions, hydrogen bonding, van der Waals 
interactions and π-π stacking are non-covalent interactions that are closely related to the 
molecular self-assembly systems studied in this PhD thesis.  
 
Figure 2.2. Hydrogen bond donor and acceptor atoms. 
Figure 2.2 is the standard expression of a hydrogen bond which is an 
electromagnetic attractive interaction between the hydrogen bond donor and acceptor 
atoms. The hydrogen bond donor consists of a hydrogen atom attached to an 
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electronegative atom (D), thus forming a dipole in which the hydrogen atom is slightly 
positively charged. The hydrogen bond acceptor is a highly electron-withdrawing atom 
(A), for example, oxygen, fluorine or nitrogen.  
In terms of strength, hydrogen bonds can be categorized as very strong, strong and 
weak. Among these hydrogen bonds, strong hydrogen bonds, which are much stronger 
than van der Waals interactions, are able to control and direct supramolecular structures 
because the interactions are highly directional and sufficiently strong. Typical examples 
of strong hydrogen bonds include O-H···O=C (7.4 kcal/mol) [16], N-H···O=C (5.19 – 
5.73 kcal/mol ) [17] and O-H···O-H (5.0 kcal/mol) [18, 19]. 
An extensively reported example of hydrogen bonding stabilised 2D self-assembly 
are molecular networks formed using carboxylic acid functionalised molecules. The 
reason that carboxylic acid groups readily facilitate the self-assembly of ordered and 
stable structures is that each group contains both a hydrogen bond donor (the hydroxyl) 
and acceptor (the carbonyl). This allows for the formation of a hydrogen bond dimer 
between two carboxylic acid groups. Figure 2.3 shows three different hydrogen bonding 
arrangements common to carboxylic acid functionalised molecules in 2D 
self-assembled network structures [9].  
       
Figure 2.3. Modes of interlinking carboxylic acid groups via hydrogen bonds (marked as red 
dots) in molecular crystals. (a) Cyclic hydrogen-bonded dimer, the most commonly observed 
hydrogen bonding arrangement in 2D self-assembled networks. (b) Catemer motif. (c) cyclic 
trimer [9, 20]. 
The self-assembly of trimesic acid (TMA), which is a benzene derivative with 
three symmetrically positioned carboxyl groups, is a typical example of the formation of 
molecular mono-layers directed by hydrogen bonding. M. Lackinger et al. have reported 
two different crystallographic phases of self-assembled TMA mono-layers: a “chicken 
(a)             (b)                      (c)  
Chapter 2. 2D self-assembly and on-surface synthesis  
14 
wire” structure formed at the saturated heptanoic acid-HOPG interface and a “flower” 
structure at the saturated pentanoic acid-HOPG interface [21]. As can be seen in Figure 
2.4, these two arrangements are stabilised by two different hydrogen bonding schemes 
between the carboxylic acid groups.   
 
      
Figure 2.4. Two 15×15 nm
2
 constant current STM images of TMA monolayers formed at fatty 
acid-HOPG interfaces. (a)-(b) STM image of the “chicken wire” structure and its corresponding 
molecular model; (c)-(d) STM image of the “flower” structure and its corresponding molecular 
model. [21] 
Apart from the extensively studied carboxylic acids, researchers have also been 
exploring other hydrogen bonding schemes that would yield more interesting 2D 
functional networks. Examples include hydrogen bonding between amide groups for 
photosensitive self-assembled networks at liquid-solid interfaces [22], and selective 
hydrogen interactions between natural and artificial nucleobases [23].  
In addition to hydrogen bonding, van der Waals interactions can also drive the 
formation of highly ordered 2D self-assembled structures. Van der Waals interactions 
are defined as the forces between molecules or atoms excluding covalent bonding and 
electrostatic interactions of ionic groups. Arising from the polarizability of atoms or 
molecules, van der Waals interactions exist between two instantaneous induced dipoles, 
(a) (b) 
(d) (c) 
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two permanent dipoles, or a permanent and an induced dipole. 
Van der Waals interactions differ from hydrogen bonding in several ways. 
Hydrogen bonds are discrete entities associated with a specific group of atoms. A 
strength can be assigned to a hydrogen bond based on the energy required to break this 
interaction. In contrast, van der Waals interactions are cumulative and act between all 
the atoms of two interacting molecules. As with all non-covalent interactions, the 
strength of van der Waals interactions is distance dependent. The strength of the overall 
van der Waals interactions between two molecules depends on the contact surface areas 
between the atoms of the two molecules. Moreover, hydrogen bonding interactions are 
directional, which means the strength of a hydrogen bond can be changed significantly 
by changing the angle between the two hydrogen bonding groups. Unlike hydrogen 
bonding, the strength of van der Waals interactions does not depend on the angle 
between atoms. However, a specific orientation that leads to a maximum area of 
interaction between two molecules will be favoured by van der Waals interactions. This 
is caused by the fact van der Waals interactions are very short range, only operating 
effectively over a few Angstroms: essentially when the molecules are in direct contact. 
In practice, this means that the strength of van der Waals interactions between two 
molecules is governed by the surface area of contact between two molecules. Therefore, 
van der Waals interactions can drive the formation of highly ordered self-assembled 
structures with a specific orientation of molecules that helps achieve the maximum area 
of interaction.  
Despite their weakness in comparison to other non-covalent interactions, van der 
Waals interactions have the advantage that they act cumulatively between all the atoms 
of two interacting molecules. For example, a combination of lateral van der Waals 
interactions between alkyl chains and the registry of the chains to an underlying 
graphite lattice makes alkyl chain interdigitation an extensively employed arrangement 
for network stabilisation on HOPG surfaces. As shown in Figure 2.5, the alkyl chains 
attached to the π-conjugated molecules are oriented along the C3 axis of the (001) plane 
of the underlying HOPG lattice resulting in the formation of close-packed lamellar 
structures [24]. The distance between two neighbouring methylene (-CH2-) groups is 
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0.251 nm. This value is in good agreement with the lattice parameter of the underlying 
HOPG surface (0.246 nm). The registry of the alkyl chains with the HOPG surface leads 
to an increase in the adsorption energy of the methylene groups [25]. Additionally, the 
lateral interactions between the adsorbed alkyl chains also contribute to the stabilisation 
of the 2D self-assembled structure [26].  
 
Figure 2.5. Schematic illustration showing packing interactions between interdigitated alkyl 
chains on a HOPG surface. [24] 
π-π stacking is another non-covalent attractive interaction that plays an important 
role in the 2D self-assembly of molecular components containing aromatic rings. The 
nature of this interaction is still under investigation [27], but it has been found to be 
important in large aromatic molecular systems [28]. In a π system, the formation of π 
bonds involves the overlap of p atomic orbitals. An electron-rich π system can interact 
with a metal, a polar molecule or another aromatic π system. The interaction between a 
π electron-rich system and a π electron-deficient system is called π-π stacking [29]. As 
illustrated in Figure 2.6, two aromatic rings can interact with each other in a face-to-face, 
face-to-edge or displaced face-to-face orientation.  
 
Figure 2.6. Schematic representations of benzene dimers interacting in different orientations.  
Face-to-face      Face-to-edge     Face-to-face with a displacement 
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Zhu et al. has reported the molecular arrangement of an aromatic helical polymer 
self-assembled both in solution and at the liquid-solid interface, as shown in Figure 2.7 
[30]. From direct STM observation (Figure 2.7 (d)), the spacing distance between two 
adjacent double helix polymers is in good agreement with the value measured from 
XRD experiments (Figure 2.7 (b)). The columnar π-π stacking of the conjugated 
backbones leads to the formation of the helical polymers observed by STM.  
  
 
 
Figure 2.7. (a) Chemical structure of polymer 1. (b) Molecular model showing the distance 
between two adjacent polymers. (c) Molecular model presenting the columnar stacking of the 
inner aromatic backbone. (d) STM image of polymer 1 (scale bar: 5 nm). (e) Schematic 
illustration of the corresponding molecular structure in (d). [30] 
In addition to intermolecular interactions, interfacial interactions also play a crucial 
role in 2D supramolecular self-assembly at surfaces. For studies carried out at 
liquid-solid interfaces, commonly used conductive substrates including highly oriented 
pyrolytic graphite (HOPG); Au (111); and substrate-supported graphene. These surfaces 
are used because they do not promote chemisorption of molecules. HOPG and Au (111) 
are chemically inert, thus, most organic molecules do not form covalent bonds with 
them: i.e. molecules adsorb onto these surfaces via physisorption. As physisorption is 
relatively weak compared with chemisorption, the adsorbed molecules can freely 
(a)            (b) 
(c) 
(d) (e) 
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diffuse across the surface. In the case of liquid-solid interfaces, adsorbed molecules can 
also desorb back into overlying solution. This free movement of molecules allows them 
to attach and detach from a growing self-assembled structure, and then to find the 
minimum free energy arrangement. Due to differences in their electronic and 
crystallographic structures, these surfaces interact with molecular building blocks in 
different ways. The predominant interactions between an organic molecule and one of 
the surfaces are van der Waals and electrostatic forces.  
Upon the deposition of a target solution onto a surface, some of the molecules 
dissolved in the solution may be physisorbed on the surface driven by van der Waals 
interactions. Depending on factors such as the strength of the molecule-substrate 
adsorption interaction, solvent, concentration and temperature, these molecules may 
also desorb back into the solution or diffuse across the surface. Balandina et al. have 
systematically investigated the self-assembly of a multi-component system composed of 
alkylated dehydrobenzo[12]annulene (DBA), isophthalic acid (ISA) and coronene 
molecules at the liquid-Au(111) interface [31] (Figure 2.8). By comparison with the 
results obtained from an identical molecular system formed on HOPG, they pointed out 
that the substrate material affects the adsorption energy and diffusion barrier of the 
molecules and their ability to act as nucleation sites for further 2D crystal growth. On 
Au(111), the molecules experience higher diffusion barrier in comparison to HOPG. 
Thus, guest molecules can act as nucleation sites on Au(111) leading to the formation of 
achiral pores. 
  
Figure 2.8. (a) Chemical formulae of DBA, ISA and coronene molecules. (b) Schematic 
illustrations of the formation of both chiral and achiral pores at the liquid-Au(111) interface. (c) 
Display of only chiral pores at the liquid-HOPG interface.[31] 
(a)                             (b)                 (c) 
Liquid-Au(111) interface      Liquid-HOPG interface 
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2.2.2 External experimental conditions 
In 2D self-assembled systems, the same molecular components have the ability to adopt 
different packing arrangements. This phenomenon has been observed in many 
molecular systems that self-assemble from a solution onto a solid surface. The 
self-assembly of 2D molecular networks is influenced by a combination of 
molecule-molecule, molecule-substrate, molecule-solvent and solvent-substrate 
interactions. Therefore, the morphological structures formed by 2D self-assembled 
networks are closely related to the formation conditions, such as temperature, the type 
of solvent and the concentration of target molecules.  
     
Figure 2.9. (a) Molecular structure of an alkylated isophthalic acid derivative (ISA-OC14). The 
term n indicates the number of the repeating –CH2– units (n = 13). (b)-(c) STM image and 
corresponding molecular model of the linear structure formed by ISA-OC14 at the interface 
between HOPG and 1-phenyloctane. (d)-(e) STM image and corresponding molecular model of 
the porous structure formed by the same molecule.[32] 
(a) 
 
 
(b)  
 
(c) 
 
 
(b) 
(d) 
 
 
(b) 
(e) 
 
 
(b) 
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The dependence of interfacial 2D self-assembly on the concentration of target 
molecules has been demonstrated for a number of molecular systems. The 
intermolecular interactions that drive the formation of concentration-dependent 
molecular networks include: hydrogen bonding between pyridyl containing molecules 
[33] and carboxylic acid groups [32]; and van der Waals interactions between 
interdigitated alkyl chains [34, 35]. Concentration-dependent molecular systems often 
consist of molecular building blocks that can have more than one packing arrangement 
with distinct adsorption energy, intermolecular interaction, or packing density. An 
example of this is the 2D self-assembly of an alkylated isophthalic acid (ISA-OC14), 
the molecular structure of which is shown in Figure 2.9 (a) [32]. At high concentrations, 
ISA-OC14 self-assembles into a mixture of a close-packed, linear structure (0.69 
molecules/nm
2
) and a porous structure (0.33 molecules/nm
2
) in separate domains as 
shown in Figure 2.9 (b)-(e). In contrast, less ISA-OC14 molecules adsorb at the 
interface at low concentrations. This decreased presence of ISA-OC14 leads to the 
formation of only the porous structure. The co-adsorption of solvent molecules within 
the hexagonal pores and between the interdigitated alkyl chains helps compensate the 
energy loss raised by the formation of less densely packed structures. In a more recent 
study, the concentration-dependent self-assembly of a pyridyl containing molecule at 
the liquid-solid interface has been investigated using density functional theory (DFT) 
simulations [33]. This theoretical method calculates the packing density, the adsorption 
energy and the energy of intermolecular interactions for each of the self-assembled 
structures the target molecule can form. The calculation results reveal that the number 
of the target molecules per surface area plays an important role in determining the 
morphology of self-assembled structures. The number of molecules present on the 
surface is tuneable by changing the concentration of the solutions deposited onto the 
surface [36]. Thereby, the respective dominance of porous and densely packed 
structures at low and high concentrations can be predicted.   
Solvent molecules may play a dual role in 2D molecular self-assembly. The 
universal function of solvent molecules is to dissolve target molecules and act as a 
medium for interfacial 2D self-assembly. However, in some cases, especially for porous 
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2D molecular networks, solvent molecules may also participate in self-assembly as a 
second molecular component. Solvent molecules with favourable functional groups for 
self-assembly, for example, carboxylic acid groups and alkyl chains, are particularly 
likely to co-assemble with target molecules through hydrogen bonding or van der Waals 
interactions [37]. Solvent co-adsorption effects lead to difficulty in determining whether 
the observed network structure is the most thermodynamically stable one or not. An 
effective method for determining if an observed structure is metastable is simply heating 
the network [38]. When given enough energy, metastable network structures, caused 
either by solvent co-adsorption or other kinetic trapping effects will re-arrange into the 
equilibrium structures. True phase transitions between different equilibrium structures 
are indicated by reversible transition between structures.  
 
Figure 2.10. Reversible temperature-induced phase transition observed for 
1,3,5-tris(4-carboxyphenyl) benzene (BTB) networks self-assembled at the nonanoic 
acid-HOPG interface. (a) STM image of the nanoporous phase acquired at 25°C. (b) Chemical 
structure of BTB. (c) STM image of the densely packed structure obtained at 55 °C.[39] 
Substrate temperature has a significant influence on the thermodynamics and 
kinetics of 2D self-assembly processes. Firstly, an elevated temperature is favourable 
for the removal of kinetic effects and can lead to the formation of thermodynamically 
stable structures [40]. Structural transitions from metastable to thermodynamically 
stable phases are irreversible. This means if a sample is cooled back to the initial low 
temperature, the structure at the equilibrium state will not change back. Secondly, 
changes in substrate temperature can also result in reversible transitions between two 
(a)                (b)            (c) 
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equilibrium states. R. Gutzler et al. presented a system that displayed a reversible phase 
transition from a nanoporous low-temperature phase to a more densely packed 
high-temperature phase [39]. The molecular system in question was 
1,3,5-tris(4-carboxyphenyl) benzene (BTB) at a fatty acid-HOPG interface as shown in 
Figure 2.10. The transition temperatures were found to be related to the type of solvent 
and the solute concentration. A thermodynamic model was employed to interpret the 
experimental results by means of analysing the entropic cost and enthalpy gain upon 
monolayer self-assembly. This study suggested that elevation of the temperature 
favoured desorption of weakly bound solvent molecules from the nano-porous phase. 
Removal of these solvent molecules from the surface led to the thermodynamic 
stabilisation of the densely packed polymorph over the nano-porous polymorph and 
resulted in the phase transition.  
 
 
Figure 2.11. (a)-(c) STM images showing the self-assembled molecular networks formed by 
CoOEP, NiOFP and a mixture of CoOEP and NiOEP. (d) Molecular structure of CoOEP 
(NiOEP).[41] 
In addition to the formation of thermodynamically stable phases, temperature is a 
factor that can induce adsorption and desorption of target molecules at a liquid-solid 
interface. The temperature-dependent kinetics of self-assembled metal porphyrin 
networks at the interface between Au (111) and phenyloctane has been investigated by 
K.W. Hipps et al. [41]. Figure 2.11 (a) and (b) show the STM images of the 
mono-component self-assembled networks formed by cobalt(II) octaethylporphyrin 
(CoOEP) and  nickel(II) octaethylporphyrin (NiOEP), respectively. These two 
(a)                         (b)             (c)             CoOEP                          NiOEP                  CoOEP:NiOEP (1:3.7) 
(d) 
M:  
Co or Ni 
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porphyrin species exhibit different apparent heights in the STM images collected using 
the same scanning parameters. Since CoOEP appears higher NiOEP, these two 
porphyrin species are clearly resolved in the STM image of the bi-component molecular 
network formed by a mixture of porphyrins (Figure 2.11 (c)). Consequently, desorption 
of either CoOEP or NiOEP can be traced using STM operating at the liquid-solid 
interface. In order to study the desorption of CoOEP, a mono-component CoOEP 
network was prepared and then exposed to a solution containing both NiOEP and 
CoOEP. The sample was heated at a range of temperatures for different time lengths. 
Any exchange in composition between the molecular network and the upper solution 
can be observed and analysed quantitatively. The results show that a temperature as high 
as 135 °C is needed to overcome the desorption barrier for CoOEP at the interface 
between Au(111) and the mixture of both NiOEP and CoOEP. 
2.3 Inclusion of guest molecules 
Using porous molecular networks as adsorption sites for guest molecules is one 
potential approach to add functionality to 2D self-assembled molecular networks. In 
addition to adding functionality, the inclusion of guest molecules within molecular 
networks also provides the ability to arrange individual molecules in 2D with nanometre 
accuracy. A range of guest molecules have been reported to be accommodated within 
surface-confined nano-porous structures. The ability of various molecules to act as 
effective guests depends on their size and geometry and the complementarity between 
guest molecule and the pores of the host network.  
Simple examples of guest molecules include coronene, which has been shown to 
fill the pores of hexagonal networks formed from trimesic acid at the liquid-solid 
interface [42]. As research into host-guest molecular systems has advanced, more 
complex and varied guest species have been investigated along with novel strategies to 
understand and apply host-guest self-assembly. Coronene and its derivative 
hexabenzocoronene (HBC) have been reported to act as guest molecules in 
1,3,5-tris[(E)-2-(3,5-didecyloxyphenyl)-ethenyl]- benzene (TSB35) host matrix as 
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illustrated in Figure 2.12 [43], where the dynamics of these guest molecules were 
probed in situ using STM. When exposing the TSB35 self-assembled network to a 
mixture of coronene and HBC solutions, a simultaneous adsorption of the two guest 
molecules within the pores of the host network was observed. Compared with HBC, 
coronene exhibits a higher diffusion ability within the pores. Therefore, coronene 
appears as a striped feature in STM images while HBC appears as a solid circular shape.  
The results demonstrate that the trapping and diffusion of individual guest molecules 
can be selectively controlled by a host self-assembled molecular network with well 
designed pore sizes.  
    
 
            
Figure 2.12. (a) Molecular structures of the host molecule TSB35 and the two guest molecules 
coronene and HBC. (b) A model of the porous TSB35 molecular network stabilized by van der 
Waals interactions arising from alkyl chain interdigitation. (c)-(e) Constant current STM images 
of (c) TSB35 host network on HOPG; (d) the network after the addition of coronene; and (e) the 
network after the addition of HBC.[43] 
Studies of more complex multi-component host-guest structures have been 
extended to four-component molecular systems based on a DBA molecular network 
investigated by De Feyter et al. [34, 44, 45]. A DBA1 derivative with four short alkoxy 
chains and two longer alkoxy chains (Figure 2.13 (b)) was synthesised and used to form 
(a)                                  (b) 
(c)               (d)               (e) 
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a self-assembled molecular network. By changing the environmental conditions during 
self-assembly, such as solvent, temperature and concentration, two distinct porous 
structures (p6 and p2) were obtained selectively (Figure 2.13 (a)).  
 
Figure 2.13. (a) Schematic diagram of the two porous structures (p6 and p2) obtained using 
DBA1 building block. (b) Chemical structure of the DBA1 building block with four short 
alkoxy chains (C10H21) on two sides of the triangular DBA core and two longer alkoxy chains 
(C20H41) on the third side.[34] 
Both coronene-isophthalic acid (COR1-ISA6) heteroclusters and triangular 
nano-graphene (NG) species (Figure 2.14 (a)) were added into the p6 porous network. 
The COR1-ISA6 and NG acted as guest molecules and were observed to preferentially 
fill different shaped pores within the network. This selective interaction of particular 
guest molecules with specific pores based on shape complementarity led to the 
formation of a  four-component self-assembled network at the interface between 
HOPG and 1-phenyloctane (Figure 2.14 (b)-(d)). 
 
Figure 2.14. (a) Molecular structure of nano-graphene and schematic diagram of COR1-ISA6 
hetero-cluster. (b), (c) STM images of a mono-layer of DBA1, coronene, ISA, and 
nano-graphene at the 1-phenyloctane-HOPG interface. (d) Molecular model showing the 
structure of the four-component network.[34] 
(a)                          (b) 
(a)             (b)          (c)           (d)          
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Non-planar molecules, such as C60 and C70, are another group of guest molecules 
that have attracted interests from the 2D self-assembly research community. Ordered 
C60 arrays have potential technological applications in electronic devices as electron 
acceptors [46], and can be fabricated using 2D self-assembled networks as templates. 
Under UHV conditions, C60, C70, and their derivatives have been observed to organise 
into ordered 2D arrays on metal or semiconductor substrates, either by employing 
porous host networks [2, 47], or by using low temperatures to immobilise C60 [48]. At 
room temperature and pressure, the formation of ordered C60 arrays can be directed 
using porous self-assembled molecular networks at liquid-solid interfaces. Li et al. 
studied the self-assembly of a tetra-carboxylic acid functionalised molecule that forms a 
Kagomé pattern [49]. The 2D network self-assembled at the interface between HOPG 
and heptanoic acid consists of two types of pores within distinct shapes. Each of these 
pore types can act as adsorption sites for guest molecules: C60, C80, and Sc3N@C80. 
Selective adsorption of these non-planar guest molecules leads to the self-assembly of 
highly ordered host-guest networks. In some molecular systems, the boundaries 
between different domains of nano-porous networks can also act as adsorption sites for 
C60 molecules [50].  
It is also worthwhile noting that the role of guest molecules is not limited to 
passively filling pores within self-assembled nano-porous networks. The inclusion of 
guest molecules can actively induce phase transitions between different structural 
arrangements [51] or even promote the growth of supramolecular bi-layers [52]. These 
results open intriguing possibilities for the control of 2D supramolecular architectures 
and the extension of self-assembled networks from 2D to 3D systems.  
2.4 Chirality in 2D self-assembled systems 
A chiral object is one that is not superimposable on its mirror image by in-plane 
translational or rotational motion. At the molecular level, chiral molecules demonstrate 
right- and left-handed appearances. The right- and left-handed mirror images of a chiral 
molecule are called enantiomers. Achiral molecules that can be changed into chiral 
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through additional interactions, e.g., adsorption on a surface, are defined as prochiral.  
In 2D molecular systems, target molecules self-assembled into ordered molecular 
networks on a solid surface directed by molecule-molecule and molecule-surface 
interactions. The chiral characteristic of the resulting molecular networks is closely 
related to the chirality of the target molecules and the underlying surface. The 
interactions between chiral molecules and chiral inorganic surfaces have shown an 
enantio-selectivity [53]. The chiral surfaces used to study the adsorption of chiral 
molecules are often kink sites of single crystal metal surfaces. Examples include Pt(643) 
and space-inverted enantiomer surfaces created by cutting a single Pt crystal [54]. To 
date, the flat solid surfaces commonly used for STM investigations of 2D 
self-assembled molecular networks are all achiral. The achiral substrates include: 
HOPG and Au(111) for STM operating at ambient conditions; and Cu(100), Cu (100) 
and other noble metal surfaces for STM operating in ultra-high vacuum (UHV).   
 
Figure 2.15. (a) and (c) STM images showing the left-handed and right-handed pinwheel 
structures formed by pentacene on Bi(111). (b) Molecular models of the molecular assemblies 
and pentacene. [55] 
At achiral surfaces, chiral 2D self-assembled networks have been observed to form 
from molecular components that are intrinsically achiral, chiral and prochiral [56]. For 
achiral molecules, the chirality of the resulting self-assembled molecular networks are 
usually caused by molecule-surface interactions. Although no chiral feature is exhibited 
for the individual molecular components, the chirality of the 2D self-assembled 
networks may result from the oblique alignment of the molecules with respect to the 
underlying surface. In addition to oblique alignment, the chirality of the 2D 
(a)          (b)                        (c) 
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self-assembled networks may also arise from the interdigitation and close packing of the 
molecules. Figure 2.15 shows the left- and right-handed pinwheel-shaped molecular 
structures formed by symmetric pentacene molecules on a Bi(111) surface [55]. The 
chirality of the pinwheel structures is induced by the 2D self-assembly of pentacene. All 
of the individual pentacene molecules adsorb on the surface in a planar fashion. Each of 
the single pinwheel structures consists of six hexamers. In a single hexamer, six 
pentacene molecules are aligned parallel with each other. The close packing 
arrangement of the six hexamers gives rise to the chirality of the single pinwheel 
structure.  
 
Figure 2.16. (a) Molecular structures of 1,5-bis-(3′-thia-tetradecyl) anthracene (1) and 
1,5-bis-(3′-thia-pentadecyl) anthracene (2). (b) STM image showing the self-assembled network 
formed by the opposite enantiomers of 1 on HOPG. (c) STM image showing the self-assembled 
network formed by the same enantiomers of 2. [57] 
In addition to 2D self-assembly induced chirality, chiral molecular networks can 
also result from the adsorption of prochiral molecular components. This adsorption 
induced chirality has been frequently observed for asymmetric planar molecules when 
adsorbing onto achiral solid surfaces [58]. When the opposite enantiomers of a prochiral 
molecule are both present on a surface, they can either form separate chiral domains or 
co-crystallise into a mixed domain. If the interactions between the same enantiomers are 
more favourable than those between the opposite enantiomers, then they form chiral 
domains. If the interactions between the opposite enantiomers are more favourable, they 
will co-assemble into mixed domains. The chain length dependent self-assembly of 
(a)         (b)                 (C) 
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alkylated anthracene derivatives is a good example showing the 2D self-assembly 
behaviour of a prochiral molecule on an achiral surface [57]. As illustrated in Figure 
2.16 (a), the two target molecules are anthracene derivatives with alkyl chains 
connected to the anthracene 1 and 5 positions via sulphur atoms. For anthracene 
derivative 1, each of the side chains consists of ten methylene groups. Compared with 
anthracene derivative 1, each of the side chains of anthracene derivative 2 contains 
eleven methylene groups. This difference in chain length leads to the different packing 
arrangements of the two target molecules on HOPG surfaces as shown in Figure 2.16 (b) 
and (c). Both of the molecular networks self-assembled by 1 and 2 are composed of 
closely packed rows of a single enantiomer. For the molecular network of 1, two 
adjacent rows adopt a mirror-image configuration where the opposite enantiomers of 1 
are present. In contrast, the energy of the molecular network formed by 2 reaches a 
minimum when all the molecules adopt the same enantiomer in all of the rows.  
2.5 On-surface synthesis of 2D covalent molecular networks 
Covalent organic frameworks (COFs) consist of extended materials, where molecular 
building blocks are linked by strong covalent bonds. COFs have elicited interest from a 
wide array of research areas including: organic synthesis; molecular nanoscience; 
surface science; and 2D materials. COFs can be synthesised in various forms, such as 
3D-COFs, bulk 2D-COFs and mono-layer 2D-COFs. 3D-COFs consist of a single 
interlinked molecular crystal. In bulk 2D-COFs, 2D covalent molecular layers are 
stacked on top of each other driven by van der Waals interactions. Discussions in this 
chapter will focus on mono-layer 2D-COFs that have been grown directly onto 
supporting surfaces.  
The structure of mono-layer 2D-COFs is analogous to that of other 2D layered 
materials: e.g. graphene and hexagonal boron nitride. If the periodically distributed 
carbon atoms in a graphene sheet were replaced with organic molecular building blocks, 
then a 2D molecular network is created. In this 2D layered structure, the target 
functional molecules are linked together via covalent bonds.   
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The formation of a variety of mono-layer 2D-COFs structures with potential 
applications in nanotechnology have been explored under UHV conditions as well as at 
solid-liquid and solid-vapour interfaces. One example is 1,3,5-tris(4-bromophenyl) 
benzene (TBPB) (Figure 2.17 (a)). TBPB assembles into ordered, close-packed 
mono-layers on Au(111) at room temperature under UHV. On annealing to 110 °C, the 
TBPB molecules were observed to form porous 2D networks (Figure 2.17 (b)) by 
undergoing a surface-mediated Ullmann coupling reaction between the Br functional 
groups [59]. The TBPB covalently linked network was further applied as a template to 
direct the adsorption of thermally evaporated C60 molecules on the surface.  
     
Figure 2.17. (a) Molecular structure of the TBPB molecule. (b) Schematics of different pore 
types formed in the TBPB 2D-COF.[59]  
Since Grill et al. made the first mono-layer covalently linked network via an 
Ullmann coupling reactions [60], a large number of 2D-COF structures have been 
created and characterised by various innovative approaches. 2D covalently bonded 
polymer networks have attracted attention from experimental chemists and raised 
interest in the study of their electronic structures through theoretical methods [61, 62]. 
 
Figure 2.18. Scheme showing the method of constructing 2D-COFs proposed by Grill et. al. 
[60], in which molecular components bear chemical groups for radical addition reactions. 
(a)               (b)          
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Strategies to synthesise mono-layer 2D-COFs include top-down exfoliation of bulk 
2D-COFs [63] and direct formation of mono-layer 2D-COFs from molecular building 
blocks via on-surface synthesis. The on-surface synthesis approach is currently the most 
widely used method for the synthesis of mono-layer 2D-COF materials. The chemical 
structure of molecular components plays a key role in controlling the final morphology 
of 2D-COFs. As can be seen from Figure 2.18, Grill et al. employed molecular building 
blocks functionalised with chemical groups that can undergo radical addition reactions 
to form ordered covalently bonded nano-architectures [60]. The work is a good example 
of building up extended 2D-COFs without the need for the addition of other external 
molecules as linkages to connect the target functional components.  
Connecting target molecular components using additional linker molecules is 
another effective design strategy used for the growth of 2D-COF materials. Figure 2.19 
shows a schematic illustration of this construction method. The precursor molecules A 
with a three-fold symmetry (marked in red) are connected by the linker molecule B with 
a two-fold symmetry (marked in blue). Connecting A and B together allows the 
formation of an extended porous network with hexagonal morphology. The formation of 
the molecular network is driven by a chemical reaction between functional groups at the 
reactions sites of the two molecular species.  
 
Figure 2.19. Representative 2D-COFs construction scheme using additional molecules as 
linkers [64].  
The morphology and dimensions of the resulting 2D-COFs built from the coupling 
reactions shown in Figure 2.19 are highly tuneable and can be controlled by varying the 
size, shape and chemical structure of the molecular building blocks used. The shape of 
the molecular building blocks, and the properties of the chemical reaction sites also 
Precursor A    Precursor B 
 
Reaction site on A 
Reaction site on B 
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have a significant influence on the physical and chemical properties of the final 
2D-COFs mono-layers.  
In order to grow high-quality mono-layer 2D-COFs with pre-designed structure 
and function, a better understanding of the chemical reactions used to form these 
systems is required. Under different reaction conditions, distinct experimental 
parameters are adjusted carefully to help elucidate their influence on the resulting 
2D-COF structure. Performing 2D-COFs growth outside UHV conditions has proven to 
be an effective and easy to implement approach. A range of growth environments from 
ambient to high pressures have been investigated to synthesise mono-layer 2D-COFs. 
The applicability of these different growth environments depends on the activation 
conditions of the chosen reaction scheme for 2D-COF formations.  
On-surface synthesis approaches to the formation of ordered mono-layer 2D-COFs 
involve the formation of covalent bonds between molecular building blocks via suitable 
chemical reactions schemes. The suitability of a reaction scheme is based on several 
factors. Firstly, the reaction must be selective so that covalent bonds are formed only at 
desired locations on the molecular building blocks and undesired side reactions are 
avoided. Secondly, the reaction must maintain the symmetry of the original molecular 
building blocks. This requirement is based on the concept of reticular synthesis [65]. In 
this synthesis approach, the final morphology of the 2D-COF can be tuned by 
controlling the structure of the individual molecular components. Thirdly, the reaction 
should be reversible under suitable growth conditions. This requirement allows the 
formation of highly ordered 2D-COF structures. To date, Ullmann coupling, boronic 
acid condensation and Schiff-base condensation reactions have been the most widely 
employed chemical reactions used to grow mono-layer 2D-COFs outside of UHV.  
    
Figure 2.20. Ullmann couple reaction assisted by a noble metal surface.  
The Ullmann reaction is a radical addition coupling reaction that takes place 
Noble metal 
Annealing X = Br, I. Cl 
R = alkyl or aryl groups 
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between aryl halides in the presence of a metal catalyst, such as Cu, Ag or Au (Figure 
2.20). Noble metals are widely believed to participate in the reaction by forming an 
intermediate metal-organic complex with C radicals following the breaking of C-X 
bonds.   
Typical surface-assisted Ullmann coupling reactions start with the pre-organisation 
of target molecules on a metal surface via 2D self-assembly. Subsequently, the sample is 
annealed at elevated temperatures to activate covalent crosslinking. Most on-surface 
Ullmann coupling reactions are performed under UHV conditions. However, this 
reaction scheme has also been demonstrated to be applicable under ambient conditions 
[66, 67]. Most early work on on-surface Ullmann reactions adopted active metal 
surfaces which act as catalysts for the coupling reactions. The application of this 
reaction scheme in on-surface synthesis of 2D-COFs is limited by the irreversibility of 
the coupling reactions. Additionally, the activation conditions of the coupling reactions 
requires high temperatures and the presence of a metal substrate. This also leads to a 
narrow range of growth conditions that are suitable for the connection of molecular 
building blocks directed by Ullmann reactions.  
  
 
Figure 2.21. Boronic acid condensation reactions. (a) Boroxine ring formation via 
poly-condensation reaction between three boronic acid derivatives. (b) Boronic ester formed by 
the condensation reaction between a boronic acid and a diol group.  
Heating 
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The formation of hexagonal boroxine rings and boronic esters results from 
condensation reactions between boronic acids and diol groups (Figure 2.21). The 
self-condensation of boronic derivatives was first introduced by Yaghi and co-workers 
in the synthesis of 3D bulk COFs using solvothermal methods [68]. Zwaneveld et al. 
later applied this synthetic scheme to form 2D networks via the co-deposition of ditopic 
and tritopic boronic acid derivatives onto Ag (111) in UHV [69]. Unlike radical addition 
reactions, boronic acid condensation reactions can be activated with no requirement for 
the presence of catalytic noble metals. On chemically inert surfaces, such as HOPG, 
boronic acid condensation has been employed to obtain extended highly ordered 
2D-COFs [70]. The flexible activation conditions allow for boronic acid condensation 
reactions to be performed outside of UHV conditions.  
Another key advantage of boronic acid condensation, and other condensation 
reactions, is that the equilibrium position of the reaction can be controlled via the 
presence of water in a closed reaction vessel. Control over the equilibrium position of 
the reaction allows control over the reversibility of the reaction during the growth phase. 
As discussed previously, having a reversible reaction favours defect eliminations during 
growth and leads to the formation of highly ordered 2D-COF structures with large 
domain sizes. Studies have shown that the thermodynamic equilibrium of the boronic 
acid condensation reaction can be successfully tuned by the addition of a small amount 
of CuSO4·5H2O as an equilibrium regulator [71]. Despite these advantages, the intrinsic 
reversibility of the boronic acid condensation reactions lowers the chemical stability of 
the covalent bonds in presence of water. The 2D-COFs formed using boronic acid 
condensation reactions are susceptible to decomposition of the boroxine or boronic ester 
groups by hydrolysis.  
 
Figure 2.22. Addition and elimination steps in a Schiff base condensation reaction.  
R = alkyl or aryl group 
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Schiff-base condensation reactions, which lead to the formation of polyimide 
networks, are one of the most effective reactions for the fabrication of mono-layer 
2D-COFs. As shown in Figure 2.22, Schiff-base condensation involves two linked 
reaction steps. In the first step, an aldehyde reacts with an amine forming an unstable, 
intermediate product, known as a hemiaminal. In the second step, the hemiaminal group 
undergoes dehydration producing an imine. The reaction is reversible and can also be 
shifted to favour either reactants or products via the presence of water. The imine can be 
converted back into amine and aldehyde via a hydrolysis process. 
 Schiff-base condensation reactions are generally induced either by annealing or 
with the assistance of an acid catalyst. Amine-aldehyde covalent crosslinking has been 
demonstrated on an Au(111) surface under UHV conditions [72]; in aqueous solutions 
[73]; and at the interface between an octanoic acid solvent and a copper-supported 
graphene substrate [74]. Compared with the other chemical reaction schemes discussed  
above, Schiff-base condensation reactions exhibit the ideal combination of moderate 
synthesis conditions, flexibility in design of molecular building blocks and good 
stability of the final covalent bonds. Moreover, Schiff-base condensation reactions have 
the advantage over boronic acid condensation that they produce conjugated imine 
linkages between molecules, something that is vital for the fabrication of new fully 
conjugated 2D-COF materials.  
The Schiff-base condensation reaction scheme has been utilised for the growth of  
mono-layer 2D-COFs under different conditions, including liquid-solid and 
vapour-solid interfaces. Liquid-solid interfaces provide a unique environment, where 
molecules adsorbed on a surface can be in a state of dynamic equilibrium with those in 
the overlying solution. The ability of molecules to easily adsorb and desorb from the 
surface helps to minimise kinetic effects for self-assembly at liquid-solid interfaces. In 
turn, this facilitates the assembly of thermodynamically stable 2D molecular structures. 
The dynamic environment offered by liquid-solid interfaces has been used to produce 
highly ordered 2D self-assembled networks and 2D-COFs. The presence of a solution 
layer above the growing 2D-COF is especially favourable for covalent reaction schemes 
where the reversibility of the reaction can be tuned by control over the solution pH. 
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To date, the growth of mono-layer 2D-COFs at liquid-solid interfaces has been 
applied for both Schiff-base condensation and boronic acid condensation reactions [70, 
75]. Tanoue et al. [73] introduced a general surface-based solution approach for the 
fabrication of extended 2D porphyrin networks (Figure 2.23). In this fabrication scheme 
solution pH and the substrate material were carefully selected for the purpose of 
achieving spontaneous and selective polymerization reactions. Later, Xu et al. reported 
an in-situ STM study of an imine-based 2D-COF formed at the interface between 
octanoic acid and HOPG [75]. In the resulting 2D-COF molecular arrangements 
resulting from incomplete condensation were frequently observed. 
 
Figure 2.23. Schematic diagram showing the formation mechanism for a mono-layer 
Schiff-base 2D-COF, consisting of porphyrin units connected by smaller linker molecules, 
formed at a liquid-solid interface. [73] 
Synthetic approaches to the growth of mono-layer 2D-COFs at vapour-solid 
interfaces are applicable to both mono-component and bi-component 2D-COFs. In 
mono-component systems, molecular building blocks are usually deposited on a surface 
followed by a reaction activation process, normally annealing. If two types of precursor 
molecule are used for the growth of a 2D-COF, then two distinct approaches can be 
adopted. Firstly, the two molecular species can be co-deposited onto the surface prior to 
activation [76]. Secondly, one of the precursor molecules can be deposited onto the 
surface while the second molecule is present in the vapour phase above the surface (see 
Figure 2.24) [64, 77]. In comparison, the second approach is more favourable for the 
growth of highly ordered mono-layer 2D-COFs. This is because the precursor molecules 
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deposited on the surface have more space to diffuse on the surface, thus are more likely 
to avoid being trapped by kinetic effects. The molecular species present in the vapour 
phase is able to adsorb and desorb from the interface. The increased mobility of the 
vapour phase component results in smaller kinetic barriers for the free energy 
minimisation of the molecular system. The minimisation of these barriers means that the 
systems can easily reorganise and defect elimination within the mono-layer 2D-COFs 
can proceed more quickly. Despite these advantages, a growth mode where one 
precursor is on the surface and the other precursor is in the vapour phase, is not suitable 
for linker molecules with a high boiling point.  
 
Figure 2.24. Schematic illustration of 2D-COFs synthesis between a tritopic precursor (red) that 
has been deposited onto a surface and a ditopic precursor (blue) that is present in the vapour 
phase above the surface. Growth of the 2D-COF occurs at the vapour-solid interface. [64]  
For condensation reactions, during which water is released, extra water added to 
the vapour phase enhances the reversibility of the reactions. As a result, the 
reorganisation of molecules and defect elimination are promoted leading to the growth 
of highly ordered 2D-COFs. The concept of equilibrium manipulation has been applied 
to improve the synthesis of 2D COFs via boronic acid and Schiff-base condensation 
reactions [64, 71]. Additional water can be introduced to the reaction schemes by adding 
a suitable amount of CuSO4·5H2O as an agent to regulate the dehydration processes.  
Many interesting aspects of 2D-COFs grown at vapour-solid interfaces have been 
investigated, such as synthesis on copper supported graphene surfaces [74], growth of  
2D-COF bi-layers [78], network structures with non-aromatic linkages [79], and side 
functionalisation of 2D-COFs [80]. Moreover, 2D-COFs formed at vapour-solid 
interfaces are accessible to further tests of their capability in technological applications, 
due to the absence of an overlaying solution layer. For example, both boroxine- and 
Precursor A          Precursor B 
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imine-based 2D-COFs have been used as host templates for the adsorption of guest 
molecules [81, 82]. In order to study the performance of 2D-COFs as components in 
electrodes, electrochemical measurements have been carried out to test a porous, 
imine-based 2D-COFs grown on graphene layers [83].  
2.6 Conclusions 
In this chapter, non-covalent and covalent interactions that have been used in the 
formation of 2D self-assembled molecular networks and 2D-COFs have been 
summarised. The control over 2D self-assembled structures has been discussed with a 
focus on thermodynamics and kinetic effects for molecular systems formed at 
liquid-solid interfaces. Examples reported in the literature demonstrate how the 
functionality of interfacial 2D self-assembled architectures has been explored via the 
addition of guest molecules. 2D-COFs have been introduced as a class of novel 2D 
materials that are able to overcome the chemical and thermal weakness suffered by 2D 
self-assembled networks. The increased stability of 2D-COFs in comparison to 2D 
self-assembled molecular networks makes them ideal candidates for a range of 
technological applications. To deepen the understanding of the physical and chemical 
properties of 2D-COFs, further investigations into the formation of highly ordered 
2D-COF mono-layers with complex multi-component structures and desired chemical 
functionality are required [64]. A key advance related to the fabrication of 
highly-ordered 2D-COFs over extended scales would be a method to pre-organise 
molecular precursors in a controlled manner prior to covalent bond formation.  
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Chapter 3  
Methodology 
Discussions in this chapter are focused on the main experimental techniques and 
simulation tools used to investigate 2D molecular networks in this thesis. The 
experimental techniques include scanning tunnelling microscopy (STM), atomic force 
microscopy (AFM), and X-ray photoelectron spectroscopy (XPS). The simulation 
method employed in this work was molecular mechanics (MM) simulation. Firstly, a 
description of the physical principles that form the basis of these experimental and 
theoretical methods will be given. Secondly, the specific equipment (and software 
packages) used for the research presented in this thesis and the current state-of-the-art 
for the respective techniques will be discussed. Finally, examples of the application of 
these techniques in the study of molecular nano-architectures on solid surfaces will be 
briefly described.  
3.1 Introduction 
Scanning probe microscopy (SPM) encompasses a large collection of different 
microscopy techniques that are used in surface characterisation. The thing that all SPM 
techniques have in common is that a sharp probe, commonly referred to as the tip, is 
used to map features on a surface. The tip is brought into close proximity with a surface, 
normally within a few nm or less, and scanned across the surface using a piezo-electric 
scanner. Interactions between the tip and the surface means that the tip can record a 
signal that is related to a certain property of the surface: e.g. height, charge, or 
temperature. The particular property of the surface being measured is specific to each 
different type of SPM. The sharpness of the tip and the distance dependence of the 
interactions between the tip and the surface means that the property is only measured for 
the local region of the surface directly underneath the tip. By scanning the tip 
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back-and-forth across the surface while measuring the signal in question, a map of the 
surface can be built up, often with a lateral resolution ranging from a few nm down to 
Angstroms. Among the variety of existing SPM techniques, STM and AFM are the most 
widely adopted imaging and manipulation tools used for the real space investigation of 
2D self-assembled or covalently bonded molecular networks on solid surfaces.  
Despite the high levels of spatial resolution, standard SPM techniques such as 
STM and AFM often only provide information on the morphology and structure of a 
surface molecular layer. Information such as the height, lateral size of molecular 
features and unit cell dimensions for ordered 2D molecular crystals are commonly 
obtained by these techniques. However, while providing detailed structural information, 
STM and AFM provide little or no information about the chemical composition of 
surface molecular features. Thus, the experimenter is often left to infer the exact 
chemical structure of molecular structures based on a prior knowledge of the molecular 
building blocks used. While this approach can be effective for simple systems, when 
structures have been formed where a covalent reaction has occurred, it is often 
necessary to use a technique that provides additional information on the chemical 
structure and composition of surface features. As a complementary approach to SPM, 
X-ray photoelectron Spectroscopy (XPS) is a quantitative, surface-sensitive technique 
that can be used to analyse the chemical state of adsorbates on a sample surface. 
Molecular Mechanics (MM) simulations offer a computationally inexpensive 
theoretical approach to the interpretation of molecular structures resolved by STM. MM 
allows the easy construction and testing of a wide variety of different surface molecular 
structures. The results from MM simulations, most often the 2D unit cell dimensions for 
molecular networks, can be directly compared to results obtained from SPM. Therefore, 
MM helps elucidate the packing morphologies and non-covalent bonding modes 
adopted by molecules in surface-based 2D molecular structures. 
The combined utilisation of SPM, XPS and MM simulations provides a 
comprehensive set of information concerning the properties of 2D molecular networks 
formed either via supramolecular self-assembly or via on-surface covalent synthesis.  
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3.2 Scanning Tunnelling Microscopy (STM) 
3.2.1 Basic principles of STM 
    
Figure 3.1. (a) Schematic representation of the basic operational principles of STM. (b) Image 
showing the atomic scale depiction of the tip-sample tunnel junction.  
STM, invented by G. Binnig and H. Rohrer at IBM Zürich in 1982 [84], was the first 
SPM technique to be developed. In STM, a bias voltage is applied between a sharp 
metallic tip and a conductive sample as shown in Figure 3.1 (a). When the tip is 
positioned within a few nanometres of the sample surface, electrons can tunnel through 
the narrow gap between the tip and the surface forming a measurable electrical current 
called the tunnelling current.  
The direction of the tunnelling current depends on the polarity of the bias voltage. 
STM commonly operates in two different imaging modes: constant current mode and 
constant height mode. In constant-current mode, which is the first and most widely used 
mode in STM operation, the tunnelling current is maintained at a set-point value by 
means of adjusting the height of the probe tip using a feedback loop. As the magnitude 
of the tunnelling current is small (a few nA or pA), it is amplified by a tunnelling 
current amplifier prior to entering the feedback loop. The feedback loop is essentially an 
electronic circuit that converts current to voltage. The tunnelling current is constantly 
monitored by the feedback loop. In order to maintain the tunnelling current at a constant 
value, the feedback loop adjusts the gap between the tip and the sample surface. The 
(a) 
(b) 
 
STM tip 
Sample 
Chapter 3. Methodology 
42 
motion of the STM probe is controlled by stepper motors and the piezo scanner. The 
piezo scanners are calibrated during manufacture using samples with known feature size. 
When a particular voltage is applied to the scanner, it is known exactly how much it will 
move in a particular direction. Thus, the voltage signals that are sent to the Z piezo 
scanner in constant current mode can be used to build a height map of the surface. The 
probe height recorded at each location is then used to directly reconstruct the scanned 
area of the surface as a real space topographic map. 
3.2.2 Understanding the tunnelling current 
The primary signal detected in STM experiments, the tunnelling current, results from 
the tunnelling of electrons between the tip and the surface, a phenomena which can only 
be understood from the viewpoint of quantum mechanics. The description of the 
dynamic properties of microscopic particles in quantum theory by the use of 
wavefunctions leads to several phenomena that are at odds with our classic view of the 
macroscale physical world. One such phenomenon is quantum mechanical (QM) 
tunnelling. The wave-like nature of electrons means that they are able to “tunnel” from 
one electronically conductive region to another through a non-conductive potential 
energy barrier. Importantly, this tunnelling occurs even when the height of that barrier is 
greater than the electron’s own energy. The rate at which electrons can tunnel through 
such a barrier is delicately dependent on a number of factors including: the height and 
width of the barrier; the potential energies of the electrons before and after tunnelling; 
and the local density of electronic states of the two electrical contacts on either side of 
the barrier. In order to build a robust and accurate theory of QM tunnelling all of these 
factors need to be taken into account.  
Electron tunnelling  
The mathematical description of quantum mechanical tunnelling has been 
elaborated in a large number of journal papers [85-87] and book chapters [88-90]. These 
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descriptions adopt different levels of complexity and theoretical detail depending on 
what aspect of tunnelling they are attempting to explain.  
 
Figure 3.2. Schematic diagram of an electron traversing a 1D rectangular potential barrier which 
can be divided into three regions marked as 1 (x < 0), 2 (0 < x < S), and 3 (x > S). E: energy of 
the electron. V0: height of the potential barrier.  
Among the various theoretical treatments, elastic tunnelling through a 
one-dimensional (1D) rectangular potential barrier is a simple but illustrative model 
used to understand the electron tunnelling effect (Figure 3.2). By solving the 
time-independent Schrödinger equation for the regions 1, 2, and 3, respectively, the 
barrier transmission coefficient T, which is defined as the square of the ratio of the 
transmitted flux to the incident flux, is derived as: 
                T   
 
    2  2 
2
   2 2  sinh2    s  
                             (3.1) 
In equation (3.1) the decay rate is given by             
        K is the 
wavenumber of the tunnelling electrons, m is the mass of electrons, s and V0 are 
respectively the width and height of the one-dimensional rectangular potential barrier, E 
is the energy of the impinging electron, and   is the Planck’s constant divided by 2π.            
If the energy barrier is strongly attenuating,   s >> 1, then:  
                                                              
       
        
                              (3.2) 
Typically, the barrier transmission coefficient T is exponentially dependent on the 
1       2       3 
x 
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barrier width s and the square root of an effective barrier height        
   , 
regardless of the exact shape of the barrier. Inspired by this fact that the barrier 
transmission is extremely sensitive to the barrier width, G. Binnig and H. Rohrer and 
coworkers developed the idea that a type of microscopy with unprecedented levels of 
spatial resolution could be built based on this electron tunnelling effect [88]. 
Tunnelling between an STM tip and the surface 
In STM, electron tunnelling occurs across a tip-surface junction as illustrated in 
Figure 3.3. Figure 3.3 (a) shows a simplified representation of the energy levels of an 
STM tip and a solid surface when the tip-surface distance is infinitely large. The tip and 
surface can be regarded as two isolated objects with their own Fermi levels (EF) and 
work functions (фtip or фsurface). If the tip and surface are then brought into very close 
proximity (s < 10 Å), their Fermi levels align when reaching an equilibrium, leading to 
a shift in vacuum level (Figure 3.3 (b)). This alignment is caused by the tunnelling of 
transient electrons. In the case of the diagram shown in Figure 3.3 (a), the electrons 
tunnel from the surface to the tip, which lowers the Fermi level of the surface and raises 
that of the tip. This tunnelling is instantaneous and only proceeds until the Fermi levels 
are aligned at which point no further current flows. When reaching the state shown in 
Figure 3.3 (b), no tunnelling current flows between the tip and the surface across the 
energy barrier.  
As can be seen from Figure 3.3 (c), a tunnelling current occurs if a bias voltage is 
applied across the tip-surface junction. When the tip is biased negatively with respect to 
the surface, the Fermi level of the tip is raised with respect to that of the surface. The 
raising of the tip Fermi level allows electrons to tunnel from filled tip states through the 
barrier into empty states in the surface. Similarly, if a positive bias is applied to the tip 
with respect to the surface the tunnel current will flow in the opposite direction. From 
this qualitative description of electron tunnelling effects in STM, we can clearly see that 
the magnitude of the tunnelling current between an STM tip and a surface will depend 
on the bias voltage V and the electronic structures of the tip and the surface.  
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Figure 3.3. Schematic diagrams showing energy schemes of a tip-surface junction in STM under 
different conditions. (a) The tip and surface have infinite separation, thus can be regarded as 
isolated objects. (b) When the tip and surface are brought into close proximity their Fermi levels 
align. (c) When the tip is biased negatively with respect to the surface, the Fermi level of the tip 
is raised above that of the surface and electrons can tunnel from filled states in the tip to empty 
states in the surface. As a result, a tunnelling current is established. eV: increase in the Fermi 
level of the tip caused by the bias voltage. Red lines: empty sample states. Blue arrow: tunnel 
current flowing from the tip to the surface.  
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Tersoff-Hamann Theory 
Since the invention of STM, several more complete theoretical models have been 
developed in an attempt to derive a general formula for elastic tunnelling between an 
STM tip and a surface. These description include theories established by Tersoff and 
Hamann [91, 92], Lang [93-95], Wentzel-Kramers-Brillouin (WKB) [96] and Chen [97]. 
The model suggested by Tersoff and Hamann is one of the most widely used to interpret 
STM images.  
According to Fermi’s golden rule [98], an initial expression of the total tunnel 
current flowing between the tip to the sample can be written as shown in equation (3.3): 
                 
   
 
        
                                    (3.3) 
In equation (3.3),                           
   is the Fermi function,    is 
the Boltzmann constant,    is the temperature,      is the density of states,     is 
the matrix element of the perturbation potential between the tip (t) and the sample (s), 
and V is the potential applied across the tip-surface junction.  
At T = 0 K, the Fermi function can be represented by a step function, and thus the 
tunnelling current can be simplified to the form shown in equation (3.4):  
                  
   
 
       
                
     
  
            (3.4) 
While the polarity of the bias voltage applied between tip and surface determines 
the direction in which the tunnel current flows, the magnitude of the bias voltage also 
plays an important role in the tunnelling process. The magnitude of the bias voltage 
defines the energy that tunnelling electrons have with respect to the Fermi levels of the 
tip and surface. As the local density of states for a real sample will vary with energy, the 
magnitude of the bias voltage can have a significant impact on the magnitude of the 
tunnel current.  
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In order to calculate the tunnelling current  , the matrix element     should be 
evaluated. Bardeen first applied time dependent perturbation theory to analyse the 
matrix element    , which can be expressed using equation (3.5) [99]:  
                 
  
  
       
    
                              (3.5) 
In equation (3.5) the surface integral    
 
 is evaluated over any arbitrary surface that 
separates the tip and surface regions.    and   , represent the wave functions of the 
tip and surface, respectively.  
According to the approximations introduced by Bardeen, knowledge of the wave 
functions of the tip and the sample are required in order to evaluate     quantitatively. 
However, the electronic structure at the very end of the tip is usually unknown. To 
address this problem, Tersoff and Hamann proposed the first quantitative model in 
which the STM tip is represented by a single s-orbital located at the apex of the STM tip 
(see Figure 3.4).  
 
Figure 3.4. Tip-surface model built by Tersoff and Hamann [92]. The tip apex is assumed to be 
spherical with a tip radius of curvature R.    denotes the vector linking an arbitrary point on the 
surface with the centre of spherical tip. The term d is the shortest distance between the tip and 
the surface.  
In the theory proposed by Tersoff and Hamann, the wave function used to represent 
d 
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the STM tip is assumed to be a spherically symmetric s-wave function. The justification 
for this simplification is based on the exponential dependence of the tunnel current on 
the tip-sample distance. The exponential decrease in tunnel current with increasing 
tip-sample separation means that for a real tip geometry the vast majority of tunnel 
current will flow through the atom at the apex of the tip. The tunnelling current between 
the tip and the surface is regarded as resulting from an overlap of the s-wave function 
with the surface structure.  
At low temperature (  0 K) and low bias voltages, the total tunnelling current can 
be simplified to the expression shown in equation (3.6):  
                 
   
 
       
                 
 
                  (3.6) 
In order to calculate the matrix element    , the wave functions of the surface and 
the tip are analysed. The surface wave function    can be written as a 2D Bloch 
expansion and inserted to the Schrödinger equation to obtain a new expression. The tip 
wave function    can be calculated using the form of an s-wave function and then 
rewritten as a 2D Fourier sum. If the surface plane   separating the surface and tip is 
assumed to be parallel with the surface, the matrix element     is found to be 
proportional to    at the tip centre of curvature   . 
                                                               (3.7) 
As a result, the total tunnelling current is given by equation (3.8):  
                        
               
                             (3.8) 
As the sum           
           corresponds to the surface local density of 
states (LDOS) at the Fermi level evaluated at the position of the point probe, the STM 
tunnelling current is then given by equation (3.9): 
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                                       (3.9) 
The total tunnelling current is therefore proportional to the LDOS of the surface in 
the Tersoff and Hamann’s model. Thus, STM images acquired at low bias voltages and 
in constant current mode can be interpreted as a contour map of constant surface LDOS.  
3.2.3 Applications of STM in studying molecules on solid 
surfaces 
STM is a powerful experimental technique for the study of molecular nanostructures 
adsorbed on solid surfaces. A wide range of experiments have been performed to both 
visualise and manipulate atoms/molecules at surfaces using STM.  
As a structural characterisation tool, STM offers the ability to produce real-space 
images of molecules with atomic resolution. STM has proven to be particularly 
effective for the study of conjugated organic adsorbates. STM images allow us to 
understand the morphology, molecular interactions, and quantum phenomena of 
low-dimensional molecular structures. In constant-current mode, conjugated moieties, 
such as aromatic rings, are observed to have a brighter contrast. This is related to the 
high density of states around the Fermi level present in conjugated systems.  
When electrons tunnel through an organic molecule physisorbed on a solid surface, 
the resulting image is a result of the complex interaction of the surface, molecule and tip 
electronic states. A good understanding of all three of these systems is required in order 
to arrive at the correct interpretation of an STM image. Because of the involvement of 
the electronic density of states of the adsorbate in the tunnelling process, the tunnelling 
current through a tip-molecule-substrate junction depends on the energy of the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of the adsorbed molecule relative to the tip and surface Fermi levels [100]. 
Moreover, the tunnelling current also depends on the mixing of the molecular orbitals 
with the surface electronic states. For molecules that strongly interact with the 
underlying surface, the LDOS will be a mixture of the molecule and surface electronic 
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states: the well-defined molecular orbitals of some molecules are broadened by the 
interaction with the surface. Under UHV conditions, this broadening effect can be 
reduced by depositing a thin insulating layer on the surface prior to adsorption of the 
molecule. The insulating layer de-couples the adsorbed molecules from the conducting 
surface. Experimental and theoretical investigations of some molecular systems have 
been reported showing that STM image contrast is bias-dependent [101, 102]. For 
instance, A. J. Fisher and P. E. Blöchl [103] have simulated STM images of benzene on 
graphite over a range of bias voltages using electronic structure calculations. They 
concluded that the STM image contrast at low voltages results from weak mixing of 
benzene and graphite states while the images at higher voltages represent a map of only 
the molecular states.  
Currently, STM investigations can be carried out under a range of different 
environmental conditions, including: ambient and ultra-high vacuum (UHV) conditions. 
UHV STM systems enable most of the manipulation experiments of single 
atoms/molecules creating artificial nano-architectures [104, 105]. Regarding thermal 
drift and the mobility of molecules, low temperature conditions are usually required for 
STM manipulation on atomic/molecular scales. At these low temperatures, any gases in 
the atmosphere above the surface would quickly adsorb, contaminating the surface and 
destroying the experiment. A careful control over the interaction between the atom at the 
very end of an STM tip and the single atom/molecule being manipulated is required in 
order to move the atom/molecule to a predesignated position [106]. Moreover, STM tips 
can even enable activation of on-surface chemical reactions with single-molecule 
precision [107].   
Compared with UHV STM systems, STM operating at ambient conditions has a 
number of advantages and disadvantages. Apparently, STM systems operating under 
ambient conditions do not demand expensive UHV chambers and pumping equipment. 
This significantly reduces both the price and complexity of these systems. More 
importantly, ambient STM allows the experimenter to probe both the formation and the 
chemical behaviour of molecular surface structures under technologically relevant 
environmental conditions such as at liquid-solid interfaces. Firstly, ambient STM 
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systems enable studies of chemical reactions. For example, Hulsken et al. reported the 
first example of real-time single-molecule studies of oxidation catalysis at a liquid-solid 
interface [108]. In their work, the individual catalysts self-assembled at the interfaces 
were monitored using ambient STM so that the activity and stability of the catalysts 
could be measured. Secondly, the less strict requirements concerning the operating 
conditions allows adsorption and desorption occurring during physisorption processes to 
be revealed [109, 110]. Thirdly, reversible modification of the structural arrangement of 
2D molecular networks are achievable through the adjustment of the external 
environment [111-113]. Despite these advantages, STM systems operating under 
ambient conditions have less imaging stability, higher noise levels, and the potential for 
contamination in comparison with UHV STM equipments.  
      
Figure 3.5. STM images showing the results of molecular patterning achieved using a STM 
system operating under ambient conditions. (a)-(b) show STM images of C60 molecules sitting 
within the pores of a 2D-COF sheet, while (c)-(d) show a bi-layer COF.[114] 
Recently, several novel areas of application for STM operating under ambient 
conditions have been explored. Nirmalraj et al. have studied the molecular dynamics 
and electronic structure of C60 and its derivatives adsorbed at the interface between 
silicone oil and a spacer-coated Au(111) surfaces using in situ STM/STS [115]. The 
experimental platform designed in this work opens up opportunities to achieve 
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single-atom/molecule measurements at liquid-solid interfaces without requiring 
cumbersome UHV STM systems operating at low temperatures. Moreover, ambient 
STM has been used as a SPM lithography facility realising local molecular 
manipulation. Plas et al. have reported a successful case of patterning guest-host 
covalent organic framework (COF) structures by using ambient STM [114]. Figure 3.5 
shows the removal of C60 molecules and bilayers of COF structures caused by carefully 
tuned STM scanning conditions.  
3.2.4 Data acquisition and processing in ambient STM 
Experimental setup 
  
Figure 3.6. (a) Agilent 5500 series SPM microscope including glass environmental chamber for 
carrying out experiments under inert gas and low humidity atmospheres. (b) Sample plate 
magnetically attached to the microscope body. (c) Schematic illustration of the assembly of a 
liquid cell for STM imaging at liquid-solid interfaces [116].  
An Agilent 5500 SPM system was employed for all of the STM investigations 
presented in this PhD thesis. Figure 3.6 (a) shows the core part of the SPM, the 
microscope equipped with a detachable environmental chamber. STM imaging is 
extremely sensitive to noise, mechanical vibration and air turbulence. This sensitivity 
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means that the microscope is positioned on the top of an anti-vibration device which is 
housed inside an acoustic isolation chamber. The anti-vibration device consists of either 
an air table which has a heavy table top floating on four nitrogen pistons, or an active 
vibration cancellation system where piezo-electric actuators are used to both sense and 
compensate for mechanical vibrations. The sample plate that holds the sample and 
makes electrical contact to it is attached to the microscope stand by three magnetic posts. 
These magnetic posts are connected to stepper motors that allow the coarse vertical 
positioning of the sample stage with respect to the tip. The lateral position of the sample 
plate is adjustable within ± 5 mm controlled by X and Y micrometer screws (Figure 3.6 
(b)). STM measurements at liquid-solid interfaces can be achieved by fixing a liquid 
cell and an O-ring on the sample plate, as presented in Figure 3.6 (c). The liquid cell 
allows a small volume of liquid (50 – 100 μl) to be held on the sample surface for 
extended STM imaging.  
Specimen and tip preparation  
Sample surfaces used for STM experiments need to be conductive and flat. 
Commonly used substrates for ambient STM systems include highly oriented pyrolytic 
graphite (HOPG) and Au (111). HOPG substrates have the dual advantages of chemical 
inertness and very simple preparation procedures.  
A new HOPG surface with large atomically flat areas can be easily formed by 
cleaving off the top layers of a HOPG sample using adhesive tape to expose a fresh 
HOPG surface. Commercial HOPG substrates are classified into three levels in terms of 
their quality: ZYH (grain size: 30 – 40 nm), ZYB (grain size: up to 1 μm), and ZYA 
(grain size: up to 10 μm). Figure 3.7 shows the structure and an example STM image of 
the HOPG surface [117, 118]. When imaged using STM, only half the atoms in the 
surface layer appearing as bright features because of the ABA stacking of the HOPG 
layers.  
Gold substrates are normally made by thermal evaporation of a thin layer of gold 
film onto a heated mica or silicon substrate. Annealing procedures are necessary to 
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reconstruct the Au(111) surfaces and remove any contamination.  
  
Figure 3.7. (a) Schematic representations of the crystal structure of bulk graphite. The upper 
section of the figure shows a top view of the graphite surface. The structure shown in the lower 
left corner represents an idealized STM image of the HOPG surface where both the A and B 
atoms are visualized. The structure shown in the lower right corner displays how the STM 
image would appear if only either A or B atoms are visualized [117]. (b) The most frequently 
observed STM contrast for HOPG. Each bright spot corresponds to an individual carbon atom. 
The oblique lattice shown in the STM image is in good agreement with the case in the lower 
right corner of (a). Image size: 5 nm × 5 nm. STM imaging parameters: Vs = 0.05 V, It = 1 nA.  
Due to the exponential dependence of the tunnelling current on the tip-sample 
distance, the vast majority of tunnelling current flows through the atom at the very end 
of the STM tip, as demonstrated in Figure 3.1. Consequently, the fabrication of an 
atomically sharp STM tip is of extreme importance to the acquisition of STM images 
with atomic resolution. Under UHV conditions, tungsten tips are widely adopted for 
STM studies. However, in air, tungsten oxidises readily forming a nonconductive 
tungsten oxide coating on the tip surface. Thus, tungsten probes prepared for UHV STM 
systems by chemical etching are not applicable to ambient conditions. In place of 
tungsten, platinum-iridium (Pt/Ir) alloy is widely employed for STM tips used in 
ambient atmospheres and at liquid-solid interfaces [119]. Etching of Pt/Ir tips is possible 
[120], however, for most experiments simple mechanical cutting of Pt/Ir wire will 
produce an acceptable STM tip. Beyond these standard STM tips, scientists have 
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recently proposed the possibility of collecting STM images with atomic resolution for 
Au (111) or graphite surfaces using a variety of carbon-based tips, such as carbon fibre 
and diamond tips [121-124].  
Drift correction 
As the lateral and vertical resolution of STM is able to reach down to the atomic 
scale, STM is an effective experimental method for accurately measuring the lattice 
parameters of 2D molecular networks physisorbed at the liquid-solid interface. However, 
in order to interpret quantitative information from STM images precisely, various 
distortions arising during the image acquisition process need to be taken into 
consideration: the most prominent of these is image drift. 
There are a number of possible reasons for STM image distortion that have been 
discussed in previous research [125-127]. The drift of an STM tip with respect to the 
scanned sample surface underneath is said to play a dominant role in causing 
differences between the structures that are observed in STM images and the real 
structure of the sample surface. Drift effects present in STM images may result from a 
variety of effects. One of the most common factors to induce drift into STM images is 
the differing rates of thermal expansion of STM components due to changes in 
temperature [128]. In addition to temperature effects, distortions may arise because the 
scanned area on the surface and the STM scanning plane are not parallel, depending on 
the sample installation slope [129]. Finally, in addition to the above factors, the 
hysteresis and creep of piezo-electric materials employed in the STM scanners can also 
contribute to causing distortions during STM scanning. Unlike the variable distortions 
associated with temperature and sample orientation, these scanner induced distortions 
remain constant for a specific piece of STM equipment [130, 131].  
For the work presented in this thesis, a drift correction process has been applied to 
some high resolution STM images in order to remove the effects of drift and obtain 
accurate unit cell dimensions for 2D molecular layers. Drift correction of STM images 
is based on using the known lattice dimensions of the HOPG surface as a calibration 
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lattice. Drift correction is performed by first collecting an STM image of the target 
molecular structure. Immediately after acquisition of this image and without altering 
any scanning parameters that could influence the level of drift in the image (e.g. scan 
direction, scan speed, scan size or scan angle), an image of the underlying HOPG lattice 
is obtained. The HOPG surface can be selectively imaged over the molecular layer by 
adjusting the set-point and sample bias to values of It = 1 nA and Vs = 0.05 V, 
respectively. Changing the set-point and sample bias alters the vertical distance between 
the tip and the sample but leaves the lateral drift of the sample with respect to the tip 
unaffected. This means that the two images, that of the molecular structure and of the 
underlying HOPG lattice, should have the same level of lateral drift and therefore their 
structures should be distorted by the same amount.  
A software package (SPIP software, Image Metrology, Denmark) is then used to 
analyse the unit cell constants of the image of the graphite surface. This process is based 
on calculating the two-dimensional Fourier transform of the STM image of the HOPG 
surface. A set of correction parameters are then calculated through the comparison of the 
distorted HOPG unit cell with the known unit cell values of the graphite lattice as 
presented in Figure 3.7. These correction parameters represent the image modification 
that is required to make the HOPG lattice in the drift-distorted image match the known 
values for the HOPG lattice. As we have assumed that the levels of drift for the image 
of HOPG as the same as for the image of the molecular structure, we can then apply the 
same correction parameters to the image of the molecular structure in order to obtain a 
drift-corrected image.  
All large-scan STM images presented in this report have been flattened using 
WSxM or SPIP software [132]. All high-resolution STM images have been processed 
using SPIP software (Denmark, Image Metrology).  
3.2.5 Advantages and drawbacks of STM 
Compared with other surface characterisation tools, for example electron microscopy, 
STM probes the electronic properties of a sample’s surface by detecting a tunnelling 
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current in the near-field regime. In this case, the resolution of STM is no longer limited 
by diffraction and can reach atomic scales. Because no free electrons are involved in the 
tunnelling process, STM measurements are not limited by the environmental conditions 
and can be conducted in conditions ranging from ultrahigh vacuum (UHV) to 
liquid-solid interface. This flexibility makes STM a powerful technique for the 
investigation of self-assembled molecular networks in a range of different environments. 
Electrons that tunnel between the STM tip and sample surface have a low energy, in the 
order of a few electronvolts, which is smaller than the energy of typical chemical bonds. 
Because of this, STM is applicable for imaging samples without causing damage to the 
chemical structure of the samples being studied. Another significant advantage of STM 
is that even non-periodic structures can be directly determined in real-space, leading to 
its potential applications in the study of complex systems.  
Despite the above advantages, one of the major limitations of STM is that 
insulating surfaces cannot be imaged. The requirement for a very small tunnel current 
often less than 1 nA to be measured for STM to operate means that only highly 
conductive substrates can be used. In order to overcome this drawback, other SPM 
techniques have been developed that probe different interactions and do not require an 
electrical current to flow between tip and surface. The most widely used of these SPM 
techniques is atomic force microscopy (AFM). Another limitation of STM is that 
operating under ambient conditions it provides very limited information about the 
chemical composition of a sample surface. Thus, complementary spectroscopic 
techniques need to be used in conjunction with STM in order to fully understand the 
structural and chemical composition of 2D molecular networks.  
3.3 Atomic Force Microscopy (AFM)  
3.3.1 Basic principles of AFM 
In 1986, G. Binnig, C. F. Quate and C. Gerber developed the first AFM which was able 
to provide topographic information for both conductive and insulating surfaces [133]. 
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The signal measured in AFM is based on the interaction forces between a sharp probe 
and a sample surface.  
Figure 3.8 (a) presents the basic principle of the AFM technique. In AFM, a sharp 
tip, mounted at the free end of a cantilever beam, scans a specimen surface line by line. 
The interaction forces between the tip and the surface (see Figure 3.8 (b), (c)) cause the 
cantilever to bend. The deflection of the cantilever is detected by a laser beam which is 
focused to the back-side of the cantilever and reflected into a photodetector. This 
configuration allows the deflection of the cantilever to be monitored by observing the 
position change of the laser spot on the photodetector. In the majority of AFM 
configurations a feedback loop is then used to keep the tip-surface interaction 
maintained at a constant set-point value.  
 
Figure 3.8. (a) Schematic diagram of a typical AFM system. (b) Enlarged image of the AFM 
tip-surface region. (c) General long-range and short-range interaction forces that exist during the 
approach of an AFM tip towards a sample surface [134].   
3.3.2 Tip-surface interactions and conventional AFM imaging 
modes 
AFM can operate in a variety of modes by means of probing different regions of the 
interaction potential between the tip and the surface. Generally, there are three basic 
imaging modes performed in AFM measurements: contact (static) mode, intermittent 
contact (tapping) mode and non-contact mode.  
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Figure 3.9 illustrates how the interaction force between an AFM tip and a surface 
changes as the tip approaches the surface. At large distances between the tip and the 
surface there is no interaction between the probe and the surface. As the tip is brought 
closer to the surface, long-range attractive van der Waals interactions dominate over 
short-range repulsive interactions resulting from the overlap of electronic orbitals. This 
results in an initially attractive interaction between the tip and the surface. This region 
of the force-distance curve is referred to as the “non-contact” region.  
 
Figure 3.9. Plot showing how the force acting between an AFM tip and a surface varies as a 
function of the tip-surface distance. Point A corresponds to the maximum attractive force 
between the tip and the surface. Point B corresponds to the tip-surface distance where the 
attractive and repulsive forces cancel each other out.  
As the tip is brought closer to the surface, the repulsive interactions begin to have a 
more dominant role. As the tip is brought closer and closer to the surface, it first goes 
through a point where the attractive interaction reaches a maximum. As the tip-surface 
distance is further reduced, the tip goes through an equilibrium point where the 
attractive and repulsive interactions cancel each other out. This equilibrium point is 
normally found at tip-surface separations on the order of a few Angstroms. At 
A B 
Contact 
Intermittent contact 
Non-contact 
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tip-surface distances smaller than this, repulsive interactions dominate and the force 
between the tip and the surface acts to push the tip sway from the surface. This region of 
the force-distance curve is referred to as the “contact” region. Tip-surface distances that 
vary around the equilibrium point and cover regions of both attractive and repulsive 
interactions are termed the “intermittent contact” region.  
In contact mode, a feedback loop is employed to maintain a constant cantilever 
deflection and therefore a constant interaction force between the tip and the surface. The 
surface topography is measured by measuring how much the sample position is moved 
in the vertical direction in order to maintain this set-point value of the cantilever 
deflection. The resolution of this mode can reach down to atomic dimensions because of 
the extremely short-range nature of the repulsive interactions between the tip and the 
surface. However, this sensitivity comes at a risk of the sample or the tip being damaged 
by the large forces that result from contact between the tip and the surface.  
Non-contact mode AFM, in which the tip is not in physical contact with the surface, 
normally achieves good resolution under UHV conditions as opposed to ambient 
conditions [135]. This is primarily related to the presence of a water meniscus between 
the tip and the surface when imaging under ambient conditions. In non-contact mode, a 
piezo-electric resonator connected to the cantilever oscillates the AFM tip as it scans 
across the surface. The frequency of oscillation is chosen to match the resonant 
frequency of the AFM cantilever. Tip-surface interaction forces are detected by 
measuring changes in either the amplitude or the resonant frequency of the cantilever’s 
oscillation. To date, non-contact mode AFM operating under UHV conditions has 
achieved the highest spatial resolution of any SPM technique, with imaging resolution 
that has been able to visualise intramolecular structure including covalent bonds and 
even individual hydrogen bonds [136-138].  
Intermittent contact (tapping) mode bridges the contact and non-contact regions of 
tip-surface interactions. One of the key advantages of tapping mode is that it is able to 
obtain high resolution images of delicate sample surface without inflicting the same 
level of damage associated with contact mode imaging. In tapping mode a cantilever 
with attached tip is oscillated at its resonant frequency while scanning across a surface. 
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Changes in the distance between tip and surface caused by topographic features on the 
surface change the force acting on the tip and thereby change the amplitude of the 
cantilever’s oscillation. Similar to other SPM techniques, a feedback loop is used to 
maintain a constant oscillation amplitude by moving the tip vertically. These vertical 
movements of the tip are then used to construct a topographic map of the surface.  
3.3.3 Applications of AFM in molecules on solid surfaces 
Advanced AFM systems are able to image both atomic and molecular features with no 
restriction on the electrical conductivity of sample surface. Under UHV conditions 
technical improvements in the mechanism used to oscillate AFM tips and to record their 
motion along with advances in tip functionalisation have driven forward non-contact 
AFM as a key tool for studying molecules for surfaces. Examples of key milestones in 
this research area include: revelation of the chemical structure of individual molecules 
[135]; real-space imaging of non-covalent intermolecular interactions [138, 139]; and 
the visualisation of covalent bonds formed by on-surface synthesis [140].  
    
Figure 3.10. (a) PeakForce Tapping Mode AFM image of the porous PTCDI-melamine network 
self-assembled on a boron nitride surface. (b) Molecular model of the PTCDI-melamine 
network [141].  
Outside of UHV environments, commercial AFM systems operating at ambient 
temperatures and pressures have been employed to image molecules constrained within 
(a) 
(b) 
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2D self-assembled molecular networks on various non-conductive surfaces. Examples 
include molecular networks formed on HOPG, Au(111), hexagonal boron nitride (hBN) 
and molybdenum disulphide (MoS2) (Figure 3.10) [141-143]. The technological 
advances in ambient AFM have helped to extend research of self-assembled 2D 
molecular networks from only STM studies on graphite or gold to a wider range of 
insulating or semi-conductive surfaces.  
3.3.4 Setup of high-resolution AFMs at ambient conditions  
Without the necessity for complex UHV instrumentation, the PeakForce Tapping mode 
implemented on the Multimode AFM from Bruker and the Cypher
TM 
AFM from 
Asylum Research are both capable of producing molecular resolution images with a 
versatile and easily implemented approach. Figure 3.11 shows the microscopy parts of 
the Bruker Multimode 8 and the Cypher AFM systems.   
  
Figure 3.11. Ambient environment AFM systems with molecular resolution. (a) Bruker 
Multimode 8 AFM. (b) Cypher
TM
 AFM [144].  
(a)                                    (b) 
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PeakForce Tapping
TM 
(PFT) is a new imaging technology first introduced by 
Bruker to improve the efficiency and controllability of AFM systems operating under 
conventional modes. Similar to basic tapping mode, an AFM probe also adopts an 
intermittent contact with the sample being measured in PFT mode. Force-distance 
curves are periodically obtained during scanning in PFT mode. Each force-distance 
curve measures how the cantilever’s deflection changes as it is moved towards the 
surface. The exact force applied on the AFM tip can then be calculated from the 
cantilever’s deflection if the force constant of the cantilever is known. The PFT mode 
uses a feedback loop to maintain the force of interaction between the tip and the surface 
at a constant and small value of the order of a few pN. In comparison, tip-surface forces 
in standard tapping mode can reach to as high as several nN. The reduced and 
controllable tip-surface forces in PFT mode lead to reduced tip and surface damage and 
to the acquisition of far more stable AFM images. All main imaging parameters for PFT 
can be adjusted automatically by ScanAsyst program (Bruker) rendering the 
manipulation acquisition of high quality AFM images significantly easier than with the 
ordinary Multimode AFM.   
Cypher
TM 
AFM provides fast scanning on atomic scales by utilising the patented 
sensor technology developed by Asylum Research. The sensors on the AFM systems are 
capable of reaching atomic resolution in all x, y and z axes. A number of standard 
scanning modes are available on Cypher, such as contact mode, intermittent contact 
mode, force curve mapping and nano-manipulation. In addition to these various AFM 
scanning modes, Cypher also supports upgrades to other characterisation tools including: 
STM, low-current measurements, band excitation and enhanced imaging ability in 
liquid by the blueDrive photothermal excitation [144].  
3.3.5 Advantages and drawbacks of AFM 
With the limitation to conductive substrates removed, AFM is a more versatile nano 
characterisation tool than STM. In addition to being able to operate on non-conductive 
surfaces, AFM offers several key advantages over STM. Some of the most notable 
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advantages of AFM are the ability to obtain mechanical information about a surface and 
the ability to study substrates with a significantly larger surface roughness than is 
possible with STM. Due to the ability to offer topographic information of 
non-conductive surfaces and adsorbates with high resolution, AFM has found 
application in a vast range of research areas. Some of the most common areas that AFM 
is utilised in include: surface science, the semiconductor industry; the cosmetic industry; 
and biomedical and life sciences. Under different scanning conditions, a number of 
tip-surface interactive forces can be detected by AFM, including: electrostatic; 
electromagnetic;and intermolecular interactions. 
The invention of UHV non-contact AFM opened up fascinating opportunities to 
visualise and manipulate individual atoms and molecules with unprecedented levels of 
resolution. UHV non-contact AFM has become one of the most powerful experimental 
techniques to help scientists understand fundamental properties of individual molecules, 
and is used more commonly in academia.  
Technological advances in commercial ambient AFM systems have improved their 
scanning performance enormously. AFM imaging can now be carried out at different 
temperatures and in diverse environments, including in liquids. By integrating other 
techniques with AFM, experimental systems are becoming more and more powerful and 
offering new insights into surface molecular systems. A key example of this is the 
combination of Raman spectroscopy with SPM in the form of tip-enhanced Raman 
spectroscopy (TERS) [145]. The TERS approach combines the high levels of spatial 
resolution obtained with SPM with the chemical information available to Raman 
spectroscopy. Such techniques offer a wealth of new information for surface scientists.  
3.4 X-ray Photoelectron Spectroscopy (XPS) 
3.4.1 Basic mechanism of XPS 
XPS is a widely used surface analysis tool that provides quantitative information on the 
elemental composition and the chemical state of a surface region irradiated with soft 
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X-rays (200 – 2000 eV).  
 
Figure 3.12. Schematic illustration of the basic mechanism of the XPS technique.  
The basic mechanism that underlies XPS is illustrated in Figure 3.12. A 
monochromatic X-ray source is used to excite an area on the sample surface. X-ray 
photons are absorbed by the atoms in the irradiated surface region. The absorption of an 
X-ray photon can result in ionization and photoemission of core level electrons from the  
surface atoms: these electrons are referred to as photoelectrons. The typical analysis 
depth of XPS is less than 10 nm. The reason for the high surface sensitivity of the XPS 
signal is that photoelectrons are easily scattered and absorbed by the atoms of the 
sample. Thus, only the photoelectrons that originate from the top of the surface can 
escape from the material without either being scattered or absorbed by the sample. The 
kinetic energy and intensity of the photoelectrons are then measured by a hemispherical 
energy analyser. The energy analyser consists of two concentric hemispheres of 
different radius dimensions. An electrostatic field is applied across the hemispheres. The 
potential at the central line of the two hemispheres is known as the pass energy. When 
passing through the analyzer, the photoelectrons are deflected by the electrostatic field 
induced by the hemisphere. Photoelectrons with a range of electron energies are able to 
pass through the energy analyser. The range of electron energies depend on a few 
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parameters including: the magnitude of the pass energy; the angle with which the 
photoelectrons enter the analyser; and the size of the entrance. The information obtained 
from XPS experiments allows the elemental composition and the chemical 
environments of the surface atoms to be evaluated.  
 
Figure 3.13. Schematic energy level diagram showing the photoemission process from the O1s 
oxygen core level in an XPS experiment.  
Taking oxygen as an example, Figure 3.13 shows the photoemission process for a 
photoelectron emitted from the O1s level of oxygen. The underlying physical principle 
used to interpret the XPS experiment is the photoelectric effect [146], which can be 
expressed by equation (3.10):  
                                                                (3.10) 
The terms in equation (3.10) are:          is the kinetic energy of the emitted 
photoelectron;    is the energy of the incident X-ray photon;          is the binding 
energy of the core level involved in the photoemission process measured relative to the 
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material’s Fermi level; and         is the work function of the surface material.  
 
Figure 3.14. Energy level diagram showing the calibration of an XPS equipment. The Fermi 
levels of the sample and spectrometer are aligned by grounding the sample to the spectrometer. 
In real XPS measurements, a conductive sample is grounded to the spectrometer so 
that the Fermi levels of the sample and spectrometer are aligned. As can be seen in 
Figure 3.14, the binding energy of the core level          can be determined by 
measuring the work function of the spectrometer and the experimentally measured 
kinetic energy. The expression shown in Equation 3.10 is then reduced to that shown in 
equation (3.11): 
                    
                                               (3.11) 
In equation (3.11)         
  represents the kinetic energy of the photoelectron 
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measured by the XPS energy analyser and               is the work function of the 
XPS spectrometer. The work function term               can be regarded as a constant 
that is specific to a particular XPS machine.  
Figure 3.15 shows an example XPS spectrum collected from a freshly cleaved 
HOPG surface. The resulting XPS spectrum is a plot of the intensity of photoelectrons 
versus          of core level electrons. The background signal in the XPS spectrum 
correspond to emitted photoelectrons that have lost some of their energy due to inelastic 
scattering. The well-defined characteristic O1s and C1s peaks in the XPS spectra result 
from photoelectrons that have escaped the HOPG surface without undergoing any 
inelastic scattering. The lack of any inelastic scattering means that the kinetic energy of 
these photoelectrons can be linked directly back to the binding energy of the core 
atomic level from which they originated. The likelihood of a photoelectron undergoing 
an inelastic scattering process is very dependent on how much material it has to travel 
through in order to escape from the surface. Thus, the sharp peaks in XPS spectra are 
dominantly composed of photoelectrons from the top few nm of the surface.   
 
Figure 3.15. XPS survey scan of a blank HOPG sample. 
The exact value of the binding energy observed for a particular core atomic level is 
influenced by the chemical environment of the element in question. If an element forms 
C1s 
O1s 
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covalent bonds with other elements, the binding energy of electrons in that element will 
change based on the electronegativity values of the elements it is bound to. Examples 
include C1s binding energies in organic samples. The C1s binding energy for carbon 
bound to four fluorine atoms is significantly higher than that of carbon bound to four 
hydrogen atoms. This change in binding energy values is known as chemical shift. 
Based on this idea of chemical shift, XPS can be used to provide information about the 
chemical bonding arrangement of a particular atomic species.  
3.4.2 XPS setup and peak fitting  
Experimental setup 
Figure 3.16 presents the configuration of the Thermo Scientific K-Alpha XPS system 
used for XPS experiments presented in this thesis. The XPS system consists of an 
analysis chamber that is maintained at UHV conditions with pressures typically of 1 × 
10
-7
 mbar or lower. The analysis chamber is connected to the outside atmosphere via the 
load-lock chamber. Samples for XPS analysis are placed into the load lock chamber and 
the chamber is pumped down until it has a pressure less than 1 × 10
-6
 mbar before 
transferring the samples into the analysis chamber. Samples such as HOPG often require 
extended pumping down times in the load lock chamber in order to reach suitable 
pressures. This is a result of outgassing by these samples resulting from small adsorbed 
molecular species (e.g. O2, N2 and H2O) that can intercalate between the layers of 
HOPG. The vacuum environment ensures samples loaded into the system are free from 
contamination, and helps prevent losses in electron kinetic energy. The extreme surface 
sensitivity of XPS means that it is vitally important to minimise the presence of 
unwanted contamination on the sample surface. The Thermo Scientific K-Alpha XPS 
system is equipped with a monochomated Al Kα X-ray source (1486.6 eV), generated 
by electron bombardment of aluminum target. Spot sizes of the X-ray beam can be 
adjusted within the range of 30 to 400 μm. The application of monochromators 
improves the spectral resolution of XPS significantly by removing X-ray satellite peaks 
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and lowering background signals. Photoelectrons emitted from an illuminated area are 
collected by a lens system and directed into a hemispherical kinetic energy analyser. 
The analyser acts as an energy filter allowing electrons with a kinetic energy equal to its 
pass energy to reach the detector at the other end. By varying the pass energy in steps, 
electrons from a range of kinetic energies are detected. The detector counts the intensity 
of photoelectrons at a certain kinetic energy. The collected data is used to produce the 
final XPS spectrum. 
 
Figure 3.16. Schematic of theThermo Scientific K-Alpha
 
XPS system [147].  
A charge compensation system is implemented on the K-Alpha
 
XPS system to 
solve the problem of surface charging when analysing insulating samples. For 
conductors, the positive charge induced by photoelectron emission can be rapidly 
replaced by electrons via an electrical contact between the sample and gound removing 
the need for charge compensation. However, on an insulating surface positive charge 
caused by photoelectron emission builds up and cannot be removed by the flow of 
electrons through an electrical contact. In this case, a flood gun, which is a beam of low 
energy electrons, is used to irradiate the surface and to neutralise the positive charge 
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caused by emitted electrons from the analysis area.  
The K-Alpha XPS system can also be used to perform depth profiling experiments 
to study the elemental and chemical composition of sub-surface layers. In this appraoch 
either a monatomic or a gas cluster ion source is used to etch away material from the 
surface. Depth profiling allows XPS experiments to be performed on layers that were 
previously buried beneath the surface. Using this approach deeper layer for both organic 
and inorganic smaples can be investigated. The most commonly adopted approach is 
using an argon ion beam to remove materials from the top of a surface and collect XPS 
signals for each new layer sequentially. 
XPS peak fitting 
Fitting different peaks to a high resolution XPS spectrum is a complex process that 
relies on the ability of the experimenter to provide a physically sensible interpretation of 
the data and the mathematical model used to fit it. Several key factors should be kept in 
mind prior to starting the peak fitting process. These include: the expected elemental 
and chemical composition of the surface based on the preparation procedures; the 
presence of potential contaminants; the binding energies of atomic species expected on 
the surface. As mentioned above, the exact binding energy of a peak in an XPS 
spectrum can vary depending on the chemical environment of the atomic species in 
question. Therefore, if a sample has a structure which includes an atomic species 
present in several different chemical environments, such as different bonding 
geometries, the XPS peak shape for an atomic core level of that atomic species will be 
complex. For this reason, it is vital that a good knowledge of the chemical system under 
invesitgation is employed when analysing XPS data.  
A complete peak fitting procedure consists of three main steps: subtraction of a 
background function from the XPS data; choosing suitable peak shapes to fit to the data; 
and performing a least squares fit of these peaks to the data. Least squares fitting is a 
mathematical method used to fit a given set of points to a curve where the sum of the 
squares of the offsets of the points reaches a minimum value. Different least squares 
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models are used to fit XPS spectra, depending on the type of data analysis software 
employed.  
Linear, Tougaard and Shirley are the three most commonly used functions for 
background subtraction from XPS data. Each background subtraction function has its 
own advantages, drawbacks and preferred application areas. A proper selection of 
background function will result in a fitting outcome that is closest to the real situation of 
a XPS spectrum. For the CasaXPS software, the Shirley background is the most 
generally applicable function for XPS peak fitting.  
After subtracting a suitable background function from the XPS spectrum, peaks are 
added based on the prior understanding of the physical and chemical properties of the 
samples. The number of peaks used to model the data depends on the expected number 
of different chemical environments for the element in question. The starting positions of 
the peaks are usually decided according to binding energy values reported in literature. 
Another factor that needs to be taken into consideration is the peak shape. Peak shapes 
commonly used for XPS peak fitting are: Doniach – Sunjic, Gelius, Gaussian – 
Lorentzian, and Voigt and pseudo-Voigt line shapes. The choice of which peak shape to 
use should be made by considering the composition of the materials being analysed and 
the computational ability of the software package used for peak fitting.  
To optimise the fitting results, constraints, such as peak position, full width at half 
maximum (FWHM) and line shape parameters (Gaussian/Lorentzian ratio and 
asymmetry factors), are adjusted in a step-by-step process. In order to obtain an accurate 
fit to an XPS peak, the fit needs to be both mathematically valid, and chemically and 
physcially meaningful.  
3.4.3 Applications of XPS  
XPS has a wide range of applications in research areas related to solid surfaces. These 
include: catalysis; polymers; and microelectronics. As a complementary tool to other 
surface analysis methods, for example, STM and AFM, XPS offers chemically specific  
information for molecular surface structures, information that is inaccessible with SPM 
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techniques. 
XPS is a powerful technique that allows the quantitative identification of different 
elemental and chemical species on surfaces The chemical analysis is achieved by 
measuring the binding energy values for core level electrons. Moreover, XPS is also 
able to determine quantitatively the relative concentration of each chemical state that an 
element has in the surface region.  
In addition to detection of core levels, XPS is able to help understand the valence 
band (VB) structures of metals and semiconductors. Compared with core atomic levels, 
the VB no longer consists of well specified individual energies but rather a region of 
closely spaced electronic states close to the Fermi level. This band of densely packed 
electronic states arise from the combination of atomic orbitals (AOs) in the material 
structure. Thus, VB peak shapes can reflect how AOs overlap and can be used to study 
the arrangement of atoms in crystal structures.  
3.5 Molecular Mechanics (MM) simulation  
Molecular mechanics (MM) simulations, also called force field modeling, is a 
theoretical method used to predict molecular structures by classical mechanics treatment 
of molecular structure.  
In a MM simulation, a molecule is assumed to be made of atoms linked by elastic 
bonds. Similar to springs, the chemical bonds can undergo a range of deformation, such 
as stretching, compression, bending (bond angles) and torsion (dihedral angles). The 
force field of the molecule is defined as the total energy of the deformed “springs” and 
interactions between atoms that are not chemically bonded.  
A number of molecular mechanics force fields have been developed by 
computational chemists. Each of the force fields contains a set of functions and 
parameters used to calculate the potential energy of systems made up of different atomic 
species combined in different ways. A force field model is verified by comparing the 
outcome it produces with a large range of molecules of known atomic arrangements. 
Once established, a force field can be used to simulate other molecular structures. In the  
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HyperChem package used for the MM simulations in this thesis, four types of MM 
force fields are available, the application areas of which are tabulated in Table 3.1.  
To run a MM simulation, a suitable force field should be chosen for the target 
molecules and interaction types that are being investigated. After building the starting 
geometry of the molecular structure, a geometry optimization process is carried out. 
Geometry optimization adjusts the molecular structure in a step-by-step process that 
aims to lower the overall strain energy of the molecular structure. Once the strain energy 
of the molecular system drops below a pre-defined level chosen prior to starting the 
simulation, the MM system is said to be geometry optimized. 
One of the main advantages of MM over quantum mechanical simulation 
approaches such as density functional theory (DFT) is that MM simulations are much 
less computationally intensive. This means that smaller molecular systems can be 
simulated much more quickly or larger molecular system that cannot be simulated using 
DFT can potentially be investigated. However, the applications of MM simulations are 
limited to molecules with known structures due to the restrictions of the force fields 
used to model the structures. Moreover, since classical mechanics does not provide any 
information on the electronic structures of atoms, MM calculations cannot be used to 
simulate electronic properties of molecules, such as molecular orbital (MO) energies or 
shapes. 
Force fields Preferred molecular systems 
MM+ A wide range of molecules [148] 
AMBER Proteins and DNA [149] 
BIO+(CHARMM) Small molecules and macromolecules [150] 
OPLS Molecules in liquids [151] 
Table 3.1. The various molecular mechanics (MM) force fields implemented in the HyperChem 
software simulation package and their application areas [152]. 
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Chapter 4  
2D supramolecular self-assembly of a 
tetra-carboxylic acid derivative 
Carboxylic acid functionalised molecules have attracted extensive research interest as 
molecular building blocks for 2D supramolecular self-assembly. The strong and highly 
directional hydrogen bonding interaction between carboxylic acid groups provides a 
reliable, and to some extent, predictable interaction between molecular building blocks.  
In this chapter, the interfacial self-assembly of a tetra-carboxylic acid derivative with an 
anthracene backbone, 5, 5'-(anthracene-2,6-diyl) diisophthalic acid (ATC), has been 
investigated using STM, combined with MM simulations. Compared with other 
tetra-carboxylic acid building blocks, the two interesting properties that this material 
exhibits upon adsorption from long chain fatty acids solutions onto HOPG are: (ⅰ) the 
ATC molecule is prochiral and following adsorption self-assembles into chiral domains; 
(ⅱ) ATC displays 2D polymorphism with three distinct structural arrangements being 
resolved within the same 2D self-assembled interfacial layer. Additionally, ATC can also 
co-assemble with coronene forming a bi-component network. The self-assembly of ATC 
provides another model system to deepen our understanding of the formation of 2D 
molecular networks at liquid-solid interfaces.  
4.1 Introduction 
Directional hydrogen bonding interactions between carboxyl groups are reliable driving 
forces for the 2D supramolecular self-assembly of molecular networks [9, 153-156]. 
Extended 2D self-assembled networks have been realised using organic molecules 
functionalised with one [157],two [158, 159], three [160-162] or four [51, 163] carboxyl 
groups. As a model molecular building block, the self-assembly of trimesic acid (TMA) 
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at liquid-HOPG interfaces has shown dependency on the deposition temperature and 
solvent used to dissolve the molecule [21, 164]. Analogous to TMA and its derivatives, 
tetra-carboxylic acid functionalised molecules are a group of extensively investigated 
molecular building blocks that have been used for obtaining predesigned 2D molecular 
crystals.  
 
Figure 4.1. Schematic diagram showing three example molecular arrangements of planar 
tetra-carboxylic acid molecules. Each tetra-carboxylic acid derivative is represented as a back 
bar with the carboxylic acid groups shown as red arrows at either end of the bar. [51]  
As discussed in section 2.2.1, carboxyl groups very often form a standard hydrogen 
arrangement consisting of a hydrogen bond dimer, but can also form a cyclic trimer of 
hydrogen bonds (Figure 2.4 (c) and (d)). Linked by inter-molecular hydrogen bonding 
dimers between carboxyl groups, planar tetra-carboxylic acid derivatives form a few 
commonly observed molecular patterns as presented in Figure 4.1 [51].  
     
Figure 4.2. Molecular structures of three tetra-carboxylic acid derivatives formed by grafting 
isophthalic acid groups to either end of linear connectors. [165].  
Wuest and co-workers have studied a series of tetra-acid derivatives, as shown in 
Figure 4.2 [165]. For each of the molecules, two isophthalic acid groups are linked 
directly or grafted onto either end of a linear conjugated core forming a planar structure. 
Their study demonstrated that tecton 1 self-assembles into an open parallel network, and 
Close-packed                    Parallel                Kagomé 
Tecton 1            Tecton 2                Tecton 3 
Backbone 
-COOH 
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tecton 3 forms a Kagomé structure at the HOPG-heptanoic acid interface. In contrast to 
tecton 1 and tecton 3, tecton 2, however, fails to produce any large periodic domains. 
The frustrated crystallisation of tecton 2 was attributed to the smooth, defect-free 
transition between its two packing arrangements. This result shows the conjugated 
backbone of a tetra-carboxylic acid derivative plays an important role in determining the 
morphology of the resulting self-assembled network structure.  
 
Figure 4.3. Molecular structures of (a) TPTC [51, 52, 163, 166]; (b) QPTC [51, 163]; (c) NTC 
[51]. 
Figure 4.3 presents a range of tetra-carboxylic acid derivatives that have been 
investigated by Beton and co-workers [51, 52, 163, 166]. The morphology of 2D 
self-assembled networks constructed from these molecules were initially studied 
systematically by depositing them from organic solutions onto a HOPG surface. 
Terphenyl-3,5,3″,5″-tetra-carboxylic acid (TPTC) molecules have been found to 
self-assemble into a hexagonally ordered network with no extended translational 
symmetry [166]. By contrast, quaterphenyl 3,5,3‴,5‴-tetra-carboxylic acid (QPTC) or 
5,5′-naphthalene- 2,6-diyldibenzene-1,3-dicarboxylic acid (NTC) molecules do not 
exhibit such diverse self-assembly properties. As far as previous results have shown, 
QPTC and NTC molecules assemble exclusively into parallel and close-packed 
networks, respectively, at the liquid-HOPG interfaces [51]. In order to study the 
influence of the underlying HOPG surfaces and presence of fatty acids, dried TPTC and 
QPTC networks were formed by dipping Au(111) substrates in aqueous solutions 
followed by N2 blowing. Instead of forming the standard inter-molecular hydrogen 
bonding dimers, TPTC and QPTC in the resulting dried films were packed in a 
“head-to-edge” arrangement, as shown in Figure 4.4. The results illustrate that the 
(a)              (b)                 (c) TPTC                       QPTC                         NTC 
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combination of solvent and substrates plays an important role in determining the 
self-assembled structures formed by the tetra-carboxylic acid derivatives.  
Highly ordered 2D self-assembled networks formed by tetra-carboxylic acid 
molecules can be used as host structures for the inclusion of guest molecules. Both of 
the closely packed QPTC and NTC networks at liquid-HOPG interfaces can be directed 
to form stable Kagomé structures by the inclusion of the planar molecule coronene as a 
guest [51]. Because of its planar, conjugated core with a six-fold symmetry, coronene 
exhibits strong surface adsorption and can fit into the hexagonal pores formed by 
carboxyl groups. Thus, coronene is a suitable guest molecule for 2D self-assembled 
networks stabilised by hydrogen bonding between carboxylic acid groups [32, 167].  
  
 
Figure 4.4. STM images and schematic representations showing molecular packing 
arrangements of TPTC and QPTC within dried films on Au(111) surfaces, and the liquid-HOPG 
interfaces.(a)-(b) STM image and schematic representation of TPTC on Au(111). (c)-(d) TPTC 
on HOPG. (e)-(f) QPTC on Au(111). (g)-(h) QPTC on HOPG [51, 163, 166].  
Despite the wide range of carboxylic acid functionalised molecular species that 
have been investigated as tectons in 2D molecular self-assembly, very few examples of 
the self-assembly of prochiral tetra-carboxylic acid derivatives have been reported. In 
this chapter, we use an anthracene tetra-carboxylic acid derivative, 5, 
(a)           (b)        (c)            (d)   
(e)            (f)        (c) (g)            (h)   
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5'-(anthracene-2,6-diyl) diisophthalic acid (ATC) (Figure 4.5 (a)) as a model building 
block to further probe the interfacial self-assembly behaviour of tetra-carboxylic acid 
derivatives. The chirality, formation conditions and guest adsorption characterisations of 
the ATC self-assembled structures at the liquid-HOPG interfaces will be discussed.  
            
Figure 4.5. Chemical formulae of (a) ATC; (b) coronene. 
4.2 Experimental details  
Acid Formula Molecular 
weight 
(g/mol) 
Boiling 
point 
(°C) 
Melting 
point 
(°C) 
Density 
(g/cm
3
) 
Dielectric 
constant 
at 20 °C 
Viscosity 
(mPa•s) 
Vapour 
pressure 
(mmHg 
at 410 
K) 
Heptanoic  C7H14O2 130.2 223 -7.5 0.9200 3.04 4.3371 
(20 °C)  
39.0 
Octanoic C8H16O2 144.2 237 16.5 0.9088 2.83 5.105 
(25 °C) 
17.3 
Nonanoic C9H18O2 158.2 254 10 0.9057 2.49 7.25 
(24 °C) 
9.90 
Table 4.1. Physical and chemical properties of the fatty acids used as solvents for the 
self-assembly experiments of ATCmolecules [9] 
To prepare samples for STM imaging, the target compound, ATC, was dissolved in a 
suitable solvent which should be non-conductive, non-volatile and able to dissolve the 
molecule of interest. In this work, a series of fatty acids were tested as solvents to 
(a)                         (b)                   
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dissolve ATC molecules: nonanoic acid (GradeⅠ, ≥.97 %, Sigma Aldrich), octanoic 
acid (≥.99.0 %, Sigma Aldrich) and heptanoic acid (≥.99.0 % (GC), Sigma Aldrich). 
The physical and chemical properties of these solvents are tabulated in Table 4.1 [9].   
For each of the solvents, a saturated solution of ATC was first obtained as a stock 
solution. After this stock solution had been allowed to settle, the supernatant was taken 
and diluted to make up a range of solutions with different concentrations relative to the 
saturated solution concentration. A  0 μl droplet of prepared ATC solution was then 
deposited onto a freshly cleaved HOPG surface under ambient conditions. The ATC 
molecules physisorbed from the solution onto the HOPG surface. The adsorbed 
molecules then diffuse across the HOPG surface interacting with each other to nucleate 
and grow ordered domains of various self-assembled structures. These self-assembled 
interfacial molecular layers are stabilised via hydrogen bonding interactions between the 
carboxylic acid groups. In experiments where coronene was also included in the 
self-assembly process, coronene was added to heptanoic acid solutions of ATC prior to 
the mixture being deposited onto the HOPG surface.  
 
Figure 4.6. Schematic representation of the experimental setup for the acquisition of STM 
images at liquid-solid interfaces.  
The self-assembled molecular networks were imaged using an Agilent 5500 series 
STM system operating at liquid-solid interfaces. As illustrated in Figure 4.6, an STM tip 
(Pt/Ir = 8/2) is immersed in the solution and is used to image the self-assembled 
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network that forms at the interface between the HOPG and the organic solvent. All STM 
images were obtained in constant-current mode. The quality of the mechanically cut 
Pt/Ir tip can be tested by imaging the bare, dry HOPG surface prior to solution 
deposition. All of the STM images presented in this chapter have undergone a flattening 
process. The flattening procedure is used to remove image artefacts that arise from the 
nature of STM system. The Agilent 5500 system uses a tube piezoelectric scanner 
arrangement [116]. The scanner is responsible for moving the tip back and forth across 
the surface and building up the STM image. In a tube scanner, the nature of the tip 
motion is not perfectly parallel to the sample surface. This can introduce image artefacts 
that make STM images appear as if they are bowed. Added to this, the sample surface 
and the scanner motion may not be perfectly aligned, leading to the image appearing to 
be tilted. Both of these effects can be removed using a flattening process. Flattening 
assumes that the overall morphology of the surface is that of a flat plane. Software then 
uses a 0, 1
st
, 2
nd
 or 3
rd
 order polynomial equations to model the bowed or tilted surface 
and then modifies the image to remove these effects and flatten the image. This process 
can massively enhance the contrast of the STM images. However, care must be taken 
when applying the flattening procedure to ensure that it does not introduce its own 
artefacts into the image. For the high-resolution STM images, the influence of thermal 
and mechanical drift was removed by using the atomic lattice of the underlying HOPG 
surface as a calibration. All the image processing used on STM images presented in this 
thesis was performed using SPIP software (Image Metrology, Denmark). 
Geometry optimised molecular models were calculated using MM simulations 
employing the HyperChem software package. Starting molecular structures for the MM 
simulations were based on unit cell dimensions and angles obtained from high 
resolution, drift-corrected STM images. A fixed graphene sheet was added below the 
molecular structure to be simulated so that the influence of the underlying HOPG 
substrate on the molecular arrangement could be modelled. The distance between the 
graphene sheet and the centres of the planar ATC molecules was initially set as 0.35 nm. 
The MM+ force field was chosen to apply geometry optimisation to the molecular 
structures.  
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4.3 Results and analysis 
Results on three separate aspects of the self-assembly of ATC molecules will be 
discussed in the following sections: the choice of solvent; the concentration dependence 
of self-assembled patterns; and coronene-ATC bi-component self-assembly.  
4.3.1 Choice of solvent 
The first step for studying the self-assembly behaviour of ATC at the liquid-solid 
interface was to find a suitable solvent. The carboxyl groups of fatty acid readily form 
hydrogen bonds with other carboxylic acid functionalised molecules thereby promoting 
dissolution. Therefore, fatty acids have previously been widely used as solvents for 
carboxylic acid functionalised molecules. In this project, three fatty acid solvents were 
studied, including: nonanoic acid, octanoic acid and heptanoic acid. ATC molecules 
exhibit good solubility in all of these solvents. The difference in alkyl chain length for 
these three solvents will have a significant influence on the solvent’s co-adsorption 
ability within porous structures. Consequently, it is interesting to investigate how the 
self-assembled structures of ATC are affected by the alkyl chain length of the solvents 
used to dissolve the target molecules.  
Nonanoic acid  
The STM image presented in Figure 4.7 shows the morphology of the ATC 
network self-assembled at the interface between HOPG and nonanoic acid. The 
concentration of the ATC/nonanoic acid was a 1/20 dilution of stock solution (sat/20). 
Each bright unit feature on the STM image corresponds to an individual ATC molecule. 
This higher contrast in the STM images results from the higher electronic density of 
states around the Fermi level for the central aromatic anthracene section of ATC. 
Anthracene represents a class of extended π conjugated systems that contain polycyclic 
aromatic hydrocarbons. Among the occupied and empty molecular orbitals of 
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anthracene, only a few of the highest-energy orbitals occupied by electrons, and a few 
of the lowest-energy orbitals unoccupied by electrons (frontier orbitals) are involved in 
electron transitions. The Fermi level (EF) of anthracene falls within the gap between the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO). Anthracene exhibits a high density of states (DOS) at energies close to 
EF and a narrow HOMO-LUMO gap [168]. Given the bias voltages applied in our STM 
measurements (sample negative, - 0.8 – - 0.4 V), the STM tunnelling probability is 
closely related to the DOS of anthracene with energy levels close to its EF [169]. 
Therefore, anthracene, and other aromatic groups appear as bright features in STM 
images. This is in direct contrast to non-conjugated molecular features, such as alkyl 
chains that appear as much darker features.  
 
Figure 4.7. STM image of the ATC network self-assembled at the nonanoic acid-HOPG 
interface. Concentration of the ATC/nonanoic acid solution: sat/20. STM imaging parameters: 
Vs = - 0.5 V, It = 0.04 nA. Image size: 150 nm. Scale bar: 30 nm.  
As can be seen from the STM image presented in Figure 4.7, the ATC network 
Close-packed 
structure 
Parallel 
structure 
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adsorbed from nonanoic acid is a combination of disordered regions and ordered 
domains with both close-packed and porous morphologies being observed. In this STM 
image, approximately 60.0 % of the surface was covered with an unknown 
contamination that formed quasi-ordered stripe-like domains. The percentage coverages 
of the close-packed and parallel structures were measured to be about 16.0 % and 9.0% 
respectively. The rest of the surface was covered with disordered regions (15.0 %). 
Identical contamination patterns were detected when using freshly opened nonanoic 
acid. By taking the average and standard deviation of ten measurements, the average 
separation of the linear contamination features was measured to be 7.2 ± 1.1 nm. This 
value is comparable to the size of a linear contamination observed for the growth of 
TAPP 2D-COFs (Section 6.3.1, Figure 6.11). Thus, this stripe-like contamination is 
highly likely to arise from polydimethylsiloxane (PDMS) present on the disposable 
needles used to make these solutions.  
Octanoic acid  
Figure 4.8 presents an STM image showing the self-assembled structure resulting 
from the deposition of ATC molecules from an octanoic acid solution. The solution 
deposited on HOPG was produced by making a 10-fold dilution of the supernatant of a 
saturated ATC/octanoic acid (sat/10).  
Compared with the case of nonanoic acid, the total coverage of the ATC molecular 
network increases and no periodic stripe-like contamination is visible in regions without 
ATC network. Measurements taken from the STM image in Figure 4.8 show that the 
surface was covered with 4.8 % of the close-packed structure, 19.0 % of the kagomé 
structure, 8.9 % of the parallel structure, 45.2 % of disordered regions, and 22.1 % of 
bare HOPG with no ATC networks. The domain sizes of the ordered close-packed, 
kagomé and parallel structures can also be measured from the STM image. The domain 
size of an ordered domain can be determined by taking the square root of the surface 
area occupied by the domain. For each of the ordered structures, at least five domain 
sizes were collected to calculate their average value and standard deviation. As a result, 
Chapter 4. 2D supramolecular self-assembly of a tetra-carboxylic acid derivative 
85 
the domain sizes of the close-packed, kagomé and parallel structures were measured to 
be 8 ± 1 nm, 18 ± 4 nm and 15 ± 4 nm, respectively. Compared with results obtained in 
the nonanoic acid system, the increase in molecular coverage may result from the lower 
adsorption of the stripe-like contamination.  
 
Figure 4.8. Morphology of the ATC network self-assembled from octanoic acid onto HOPG. 
Concentration of the ATC/octanoic acid solution: sat/10. STM imaging parameters: Vs = - 0.6 V, 
It = 0.01 nA. Image size: 150 nm. Scale bar: 30 nm.  
Heptanoic acid  
Further experiments were performed to investigate the effect of depositing ATC 
from heptanoic acid. Heptanoic acid has a shorter aliphatic chain length compared with 
that of nonanoic acid or octanoic acid. Figure 4.9 presents an STM image showing the 
HOPG surface covered by an ATC network self-assembled from heptanoic acid. The 
molecular system in heptanoic acid yields ATC networks with extremely high surface 
coverage (> 99.9 %). Three types of ordered phases in separate domains were formed 
Parallel 
structure 
Kagomé 
structure 
Close-packed 
structure 
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when the molecular system reached an equilibrium under ambient conditions. The 
surface shown in Figure 4.9 was covered with 7.2 % of the close-packed structure, 12.4 % 
of the kagomé structure, 23.9 % of the parallel structure and 56.5 % of disordered and 
unoccupied regions.  
 
Figure 4.9. STM image of a good quality ATC network assembled at the heptanoic acid-HOPG 
interface. Concentration of the heptanoic/nonanoic acid solution: sat/20. STM imaging 
parameters: Vs = - 0.5 V, It = 0.05 nA. Image size: 150 nm. Scale bar: 30 nm.  
With an aim to fabricate extended two-dimensional ATC molecular networks, 
heptanoic acid was used as a solvent in all the subsequent experiments. The high-quality 
ATC network structures are favourable for the acquisition of consistent STM images 
over extended scales. The lack of uncovered regions of the surface meant that there 
were fewer freely moving ATC molecules on the surface. This restriction of molecular 
motion allowed for both higher contrast and more consistent STM imaging.  
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4.3.2 Concentration-dependent self-assembly  
The self-assembly behaviour of ATC at the interface between heptanoic acid and 
HOPG was probed using STM. In Figure 4.10, two typical STM images were recorded 
for ATC self-assembled networks formed via the deposition of heptanoic acid solutions 
with different concentrations. The solution used for the formation of the ATC network 
presented in Figure 4.10 (a) was a 1/20 dilution of the saturated ATC/heptanoic acid 
solution (sat/20). While the ATC solution corresponding to the STM image in Figure 
4.10 (b) was a 1/50 dilution of the saturated ATC/heptanoic acid solution (sat/50).  
At the higher concentration, ATC molecules self-assemble into three packing 
arrangements that coexist on the surface in separate domains. These packing 
arrangements include a porous wheel-like pattern, and two densely packed structures. In 
contrast, only the wheel-like pattern is observed in the lower concentration sample. For 
the STM image in Figure 4.10 (b), the end of the STM tip changed halfway through the 
scanning process. Despite a contrast alternation between the central area, and the lower 
and upper parts of the image, it is still reasonable to determine that all of the domains 
consist of the porous wheel-like arrangements with defects and domain boundaries.  
Using the method introduced in the previous section, quantitative analysis of the 
percentage surface coverage and domain size was carried out for the different packing 
arrangements observed in Figure 4.10. At the concentration of sat/20, the surface was 
approximately covered with: 21 % of the close-packed structure; 11 % of the kagomé 
structure; 49 % of the parallel structure; and 19 % of disordered regions. By taking at 
least three measurements, the average domain sizes of the close-packed, kagomé and 
parallel structures were measured to be 14 ± 5 nm, 27 ± 6 nm, and 28 ± 11 nm, 
respectively. At the concentration of sat/50, the surface was covered with around 78 % 
of the kagomé structure and 22 % of disordered regions. In contrast to the concentration 
of sat/20, the domain size of the kagomé structure increased to approximately 75 ± 3 nm 
by taking two measurements from the STM image shown in Figure 4.10 (b).  
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Figure 4.10. Morphology of self-assembled ATC monolayers at high and low concentrations. (a) 
STM image of the ATC network formed at the concentration of sat/20. (b) ATC network formed 
at the concentration of sat/50. STM scanning parameters: (a) Vs = - 0.5 V, It = 0.05 nA; (b) Vs = - 
0.5 V, It = 0.06 nA. Both image sizes are 150 nm. Both scale bars are 30 nm.    
(a) 
(b) 
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These results clearly demonstrate that the ratio of the three coexistent 2D 
molecular arrangements is dependent on the concentration of ATC molecules in 
heptanoic acid. The parallel structure dominates at the higher concentration (sat/20), 
while the porous kagomé structure dominates and grows into larger domains at the 
lower concentration (sat/50). 
Kagomé network 
The term Kagomé lattice was first used in theoretical descriptions of magnetics 
phenomena [170]. The original meaning of the term Kagomé is a pattern common in 
woven Japanese bamboo baskets consisting of interlaced triangles and hexagons [171]. 
In a Kagomé lattice, each triangular lattice point has four neighbouring points. Kagomé 
structures have previously been observed to form in 2D self-assembled structures 
stabilised by hydrogen bonding [172], van der Waals interactions [173] and 
metal-organic coordination interactions [174]. The molecular arrangement of Kagomé 
lattices formed by tetra-carboxylic acid derivatives has been presented in Figure 4.1.  
Figure 4.11 (a) shows a drift-corrected STM image of the ATC Kagomé structure. 
Each rod-like feature in the STM image corresponds to an individual ATC molecule 
adsorbed on the HOPG surface. The unit cell of the Kagomé structure is composed of 
three ATC molecules. Multiple measurements were carried out on two such high 
resolution, drift-corrected STM images to obtain unit cell dimensions for the ATC 
Kagomé network. At least ten datasets were collected to obtain an average value and its 
corresponding standard deviation as an error. The unit cell parameters of the Kagomé 
structure was experimentally determined to a = b = (3.2 ± 0.2) nm; and γ = (59 ± 3) °. 
In the STM image presented in Figure 4.11 (a), it is even possible to discern the 
electronic orbital structure of the anthracene moiety within the ATC molecule. The three 
fused benzene rings that makes up the central anthracene group of an ATC molecule 
appear as six individual bright features. In striking contrast, the two isophthalic acid 
groups at either end of the ATC molecule appear as circular features at the ends of the 
fused benzene backbone and are significantly darker.  
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Figure 4.11. (a) High resolution, drift-corrected STM image of the ATC (sat/50) Kagomé 
structure with its unit cell marked in black. STM imaging parameters: Vs = -0.4 V, It = 0.05 nA. 
Image size: 8 nm. Scale bar: 1.6 nm. (b) Corresponding MM simulated molecular model with a 
unit cell marked in red.  
The six-lobe anthracene feature of ATC has previously been observed for other 
anthracene derivatives. The alkyl chain functionalised anthracene molecule shown in 
Figure 4.12 (a), for example, was imaged as consisting of six lobes at the interface 
a 
b 
γ 
(a) 
(b) 
a 
b 
γ 
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between phenyloctane and an HOPG surface [57]. The six lobes shown in this STM 
image can be overlaid with the spatial distribution of the HOMO of the anthracene 
group. In comparison with the case presented in Figure 4.12, the tunnelling pattern of 
the anthracene shown in Figure 4.11 (a) would also be a direct result of the morphology 
of the HOMO of anthracene.  
      
Figure 4.12 (a) Chemical structure of 1,5-bis-(3′-thia-tetradecyl) anthracene. (b) STM image of 
the self-assembled network of the compound shown in (a) at the interface between HOPG and 
phenyloctane (Vs = - 0.8 V, It = 0.28 nA, 12 ×12 nm
2
). From reference [57].  
Based on the high resolution STM image, a molecular model was built for the 
wheel-like porous structure using MM simulations (see Figure 4.11 (b)). The model was 
then geometry optimised with the influence of a fixed, single layer of underlying HOPG 
taken into account. As can been seen from the model, all ATC molecules adsorb on 
HOPG in a planar fashion. The entire network is stabilised by hydrogen bonding 
interactions between the carboxylic acid moieties on adjacent ATC molecules. The unit 
cell dimensions from the MM simulated molecular model were a = b = 3.4 nm; and γ = 
60°, in excellent agreement with the STM measurements.  
As the conjugated anthracene backbone of ATC is not symmetric, each ATC 
molecule is prochiral and can form one of two possible enantiomers upon adsorption 
onto the HOPG surface. A mirror-image domain of the porous network displayed in 
Figure 4.11 (a) was observed on a different area of the same surface. Figure 4.13 (a) 
shows the co-existing chiral domain formed by the opposite-handed enantiomer of ATC, 
(a)                            (b) 
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the corresponding molecular model of which is presented in Figure 4.13 (b).  
 
Figure 4.13. (a) STM image of the ATC mirror-image domain. This image has not been 
drift-corrected. STM imaging conditions: Vs = - 0.6 V, It = 0.04 nA. Image size: 20 nm. Scale 
bar: 4 nm. (b) MM molecular model of the chiral, Kagomé porous structure shown in (a).  
Parallel network 
At the higher concentration (sat/20), the ATC parallel phase is the dominant 
(a) 
(b) 
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configuration on the surface (49.2 %). Figure 4.14 (a) shows a high resolution, 
drift-corrected STM image of the parallel structure. To determine the unit cell 
dimensions, more than ten measurements were recorded from the STM image. The data 
were analysed by taking their average and standard deviation as error values. The unit 
cell parameters for the parallel structure were, by this way, measured to be a = (1.6 ± 
0.1) nm; b = (2.3 ± 0.1) nm; and γ = (50 ± 2)°.  
 
 
 
Figure 4.14. (a) Drift-corrected STM image of the ATC (sat/20) parallel structure with its unit 
cell marked in black. STM imaging conditions: Vs = - 0.4 V, It = 0.04 nA. Image size: 6.5 nm. 
Scale bar: 1.3 nm. (b) MM geometrically optimised molecular model (Unit cell marked in red). 
a 
b 
γ 
γ a 
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Figure 4.14 (b) presents the molecular model constructed for the parallel phase 
using MM simulations. The unit cell dimensions determined from this model following 
geometry optimisation were a = 1.8 nm; b = 2.2 nm; and γ = 51°, in good agreement 
with the values obtained from STM experiments. As illustrated by the molecular model, 
all the four carboxylic acid groups of each ATC molecule are involved in the formation 
of intermolecular -COOH···HOOC- double hydrogen bond dimers.  
Close-packed network 
As can be seen from Figure 4.10 (a), some ATC molecules adopt a closely packed 
arrangement within certain areas of the surface. Figure 4.15 (a) shows a drift-corrected, 
high resolution STM image of the close-packed structure. Ten line profiles were taken 
through this image to give different sets of unit cell dimensions. Then the average 
values and associated standard deviations of this data was taken to determine the 
experimentally measured unit cell constants: a = (0.9 ± 0.1) nm; b = (2.0 ± 0.1) nm; and 
γ = (69 ± 3) °. 
A molecular model for the close-packed arrangement observed using STM is 
shown in Figure 4.15 (b). In the MM calculation, the stabilisation of the close-packed 
structure was assessed with molecule-surface interactions being taken into consideration. 
The unit cell constants obtained by the MM theoretical study were a = 1.0 nm; b = 2.2 
nm; and γ = 62 °, in good agreement with values measured from STM images. In the 
close-packed arrangement, two carboxylic groups on individual ATC molecules adopt 
intermolecular -COOH···HOOC- double hydrogen bonding dimers. The other two 
carboxylic groups of the ATC molecule form weak =O···HC- or -OH···O= hydrogen 
bonding. This type of hydrogen bonding motif is also displayed in the 2D self-assembly 
of NTC molecules introduced in section 4.1 (Figure 4.3 (c)) [51].  
Similar to the Kagomé network, the two enantiomers of ATC induced by surface 
adsorption can lead to the formation of mirror-image chiral domains for the parallel and 
close-packed networks. In the cases of the two molecular networks, the enantiomers 
should both be present on surfaces within different homochiral domains.  
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Figure 4.15. ATC (sat/20) close-packed structure. (a) Drift-corrected STM image. STM imaging 
conditions: Vs = - 0.4 V, It = 0.05 nA. Image size: 7.5 nm. Scale bar: 1.5 nm. (b) MM geometry 
optimised molecular model. Dashed, red lines: different hydrogen bonds involved in the 
close-packed structure.  
4.3.3 Inclusion of coronene 
Figure 4.16 presents the resulting network by depositing a mixture of ATC in heptanoic 
acid solutions (sat/20) and coronene 1.0 × 10
-4
 mg/ml. Compared with the ATC 
a 
b 
γ 
a 
b 
γ 
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(b)                       
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mono-component network formed using the same concentration of ATC (Figure 4.10 
(a)), the existence of the parallel or close-packed structures was not observed following 
the inclusion of coronene to the solution. The ATC Kagomé networks, which were not 
dominant for the mono-component system at this higher concentration, have been 
observed to be stabilised by the inclusion of coronene in the surface structure. Measured 
from the STM image shown in Figure 4.16, 75.6 % of the surface was covered with the 
ATC-coronene bi-component, and the remaining 24.4 % was not covered by the 
molecular network. Thus, the coverage of the bi-component networks was not as high as 
the mono-component system without coronene. Following the inclusion of coronene, 
the domain sizes of ATC networks reduced with numerous structural defects visible at 
domain boundaries.  
 
Figure 4.16. STM image of the bi-component network formed by the mixture of ATC (sat/20) 
and coronene 1.0 × 10
-4
 mg/ml at the heptanoic acid-HOPG interface. STM imaging conditions: 
Vs = - 0.6 V, It = 0.01 nA. Image size: 49.5 nm. Scale bar: 9.9 nm. 
High resolution STM images of the Kagomé structure co-assembled with coronene 
were collected to resolve detailed features of the bi-component network structure. 
Figure 4.17 (a) is a high resolution STM image showing coronene molecules adsorbed 
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within the hexagonal pores formed by six isophthalic acid groups at the ends of the ATC 
molecules. Similar bi-component structures have been observed in the QPTC and NTC 
molecular systems following the inclusion of coronene at liquid-HOPG interfaces [51]. 
The period of this network structure, defined as distance between two adjacent coronene 
molecules, were measured to be 3.2 ± 0.1 nm. Ten data sets were collected to calculate 
their average and standard deviation as an error value. In the STM image shown in 
Figure 4.17 (a), the homo-chiral arrangement of ATC can be resolved from the STM 
image. In order to form the ordered Kagomé structure, all the ATC molecules within the 
bi-component domain should adopt the same handedness.  
 
 
Figure 4.17. (a) Drift-corrected STM image of the ATC Kagomé structure stabilised by the 
co-adsorption of coronene. STM imaging conditions: Vs = -0.6 V, It = 0.01 nA. Image size: 8.5 
nm. Scale bar: 1.7 nm. (b) Tentative molecular model of the ATC-coronene bi-component 
structure.  
(a) 
(b) 
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A tentative molecular model for the node of six isophthalic acid moieties stabilised 
by a coronene molecule was built using MM simulations (see Figure 4.17 (b)). The 
orientation of the coronene was placed in the centre of the pore as the starting point for 
the simulation. The period of the ATC-coronene network was measured to be 3.4 nm 
from this MM geometry optimised molecular model. The MM simulated and STM 
experimentally measured period values are in good agreement and remain unchanged in 
comparison to the mono-component Kagomé structure discussed in section 4.3.2.  
4.4 Conclusions 
In conclusion, it has been shown that ATC molecules self-assemble into extended 2D 
networks at the interface between heptanoic acid and HOPG. The morphology displayed 
by the ATC self-assembled networks depends on the concentration of the heptanoic acid 
solutions of ATC. At higher concentrations (sat/20), the parallel and close-packed 
structures dominate on the surface. At the lower concentrations (sat/50), the porous 
Kagomé structure dominates and grows into larger domains as compared with the 
network formed at the higher concentration. The inclusion of coronene in the 
self-assembly process significantly enhances the formation of the ATC-coronene 
bi-component Kagomé structure.  
Compared with other tetra-carboxylic acid derivatives, ATC exhibits two 
interesting properties upon adsorption from the heptanoic acid solutions onto HOPG 
surfaces. Firstly, the prochiral nature of ATC means that it can adopt two different 
enantiomers upon adsorption to the surface, leading to the formation of homo-chiral 
self-assembled domains. Secondly, ATC displays 2D polymorphism with three 
structurally distinct patterns being resolved within the same two-dimensional 
self-assembled interfacial layer.  
4.5 Future work 
Based on the current results concerning the concentration-dependent self-assembly of 
ATC, a more detailed range of concentration experiments are suggested to be performed 
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to demonstrate how self-assembled structures of ATC vary with changes in 
concentration. Kinetic effects most probably play a very important role in determining 
the final morphology of the ATC network. The influence of kinetic effects will be 
removed or minimised by using an annealing and cooling procedure during network 
preparation. More specifically, ATC molecules will be deposited on preheated HOPG 
substrates. The heating may provide ATC molecules with enough energy to overcome 
any kinetic barriers and hopefully form structures with minimum Gibbs free energy. The 
sample will then be allowed to cool down naturally prior to STM imaging at the 
liquid-solid interface.  
A set of STM experiments studying the temperature dependence of the ATC 
networks will also be conducted. In these experiments, ATC will be deposited onto 
substrates that are being maintained at elevated temperatures. In-situ STM images will 
then be recorded at a range of such elevated temperatures. The substrate will be allowed 
to cool back down to room temperature in a controlled fashion.  
All of the experiments suggested above would help us gain control over the 2D 
self-assembly of prochiral ATC molecules by tuning concentration and temperature. 
These experiments would also provide new insights into the thermodynamic and kinetic 
factors that influence carboxylic acid drived 2D self-assembly. This would provide 
another model molecular system to study guest adsorption, chirality selection and other 
interesting phenomena during the formation of 2D self-assembled networks at the 
liquid-solid interfaces.  
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Chapter 5  
Surface-based self-assembly of thymine 
functionalised porphyrins 
Hydrogen bonding between DNA nucleobases has been shown to be an effective 
intermolecular interaction to drive the formation of two-dimensional (2D) molecular 
self-assemblies. This project aims to utilise selective hydrogen bonding between DNA 
nucleobases as a driving interaction to help organise more complex molecular 
structures. In order to achieve this goal, the 2D self-assembly of thymine functionalised 
porphyrins including tetra-(phenylthymine)porphyrin (tetra-TP) and its metal 
coordinated derivative, tetra-(phenylthymine)porphyrin-Zn(Ⅱ) (Zn-tetra-TP), was 
investigated at the interface between HOPG and organic solvents. The resulting 
self-assembled networks were studied using STM and MM simulations. In 
mono-component porphyrin systems, hydrogen bonding between the thymine groups of 
tetra-TP or Zn-tetra-TP leads to the growth of an extended, highly ordred network that 
is part of the p2 plane symmetry group. By careful selection of additional molecular 
components that can form complementary hydrogen bonds with thymine, it has been 
possible to form bi-component self-assembled networks with the functionalised 
porphyrin molecules. Thermodynamic aspects and concentration dependence of the 
self-assembly of these diverse molecular networks will also be discussed.  
5.1 Introduction 
The interaction between carboxylic acid groups is just one of a range of different 
hydrogen bonding motifs that have been used to drive the self-assembly of 2D 
molecular networks. Taking inspiration from nature, the hydrogen interactions between 
DNA nucleobases are potential candidates for the generation of highly ordered 2D 
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molecular structures.  
         
    
Figure 5.1. Chemical structures and hydrogen bonding interactions between DNA nucleobase 
pairs: (a) Watson-Crick DNA nucleobase pair; (b) Reverse Watson-Crick A-T base pair; (c) 
Hoogsteen A-T base pair; (d) Reverse Hoogsteen A-T base pair [175-178]. Red, dashed lines: 
hydrogen bonds. 
The selective and directional hydrogen bonding between Watson-Crick base pairs 
is an important noncovalent interaction that contributes to the formation of the 
fascinating DNA double helix structure [175]. Figure 5.1 (a) describes the hydrogen 
bonding schemes formed between guanine (G)-cytosine (C) and adenine (A)-thymine (T) 
nucleobase pairs in DNA. In addition to the Watson-Crick base pairing, a number of 
other possible DNA nucleobase bonding modes exist such as reverse Watson-Crick; 
Hoogsteen; and reverse Hoogsteen base pairing (Figure 5.1 (b) - (d)) [176-178]. This 
variety of possible hydrogen bonding arrangements makes DNA nucleobases powerful 
groups for driving 2D self-assembly.  
In addition to DNA nucleobases, other nucleobases that play important roles in 
biology have also been used as molecular recognition groups to form 2D 
supramolecular structures. Examples include uracil (U) in RNA [179], unnatural 
xanthine (X) [180], and isocytosine [181]. The versatile hydrogen bonding interactions 
between these natural and unnatural nucleobases have been used to drive the 
Watson-Crick: Adenine (A)      Thymine (T)         Guanine (G)      Cytosine (C)        
(a) 
(b)               (c)                (d)  
Reverse Watson-Crick: A-T         Hoogsteen: A-T            Reverse Hoogsteen: A-T 
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self-assembly of a large number of 2D supramolecular structures at solid surfaces and 
interfaces [182]. While the recognition process during the self-assembly can be obtained 
by visualising adsorbed molecules directly, more experimental and theoretical attempts 
are still needed to allow the pre-programmed self-assembly of nucleobase functionalised 
molecules [23].  
At the liquid-solid interface, highly ordered 2D self-assembled networks formed by 
mixing adenine and thymine molecules were first observed by Besenbacher et al. [183]. 
As the molecules were too small to be clearly resolved by STM under ambient 
conditions, orientations of the individual thymine or adenine could not be identified. 
Theoretical calculations were carried out to interpret the structures observed using STM. 
In order to illustrate the molecular recognition features between DNA nucleobase pairs 
at liquid-solid interfaces using STM, efforts can be devoted to functionalising larger 
molecular building blocks with DNA nucleobase. Porphyrins make an ideal candidate 
for such a molecule because of the ease with which they can be functionalised via 
synthetic routes, and the high contrast that their conjugated molecular core displays in 
STM images. If the orientation and geometrical size of the resulting self-assembled 
porphyrin arrays can be determined exactly, then from this information, the hydrogen 
bonding scheme adopted by the nucleobase functional groups can be decuced.  
 
Figure 5.2. Molecular structure of porphyrin and possible positions for functionalisation.  
As molecular building blocks for surface-based self-assembly, porphyrins (Figure 
5.2) exhibit several advantages: (ⅰ) each meso- / beta-position of a four-fold 
symmetric porphyrin core can act as a site for functionalisation with a target chemical 
group; (ⅱ) the four nitrogen atoms at the porphyrin core can coordinate a metal atom 
which can then act as a reactive site; and (ⅲ) the conjugated nature of the macrocycle 
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core gives porphyrins favourable optical and electronic properties [184, 185]. The 
adsorption of porphyrins on solid surfaces has also been demonstrated to be visualised 
clearly by STM. A wide range of porphyrin derivatives have so far been used as 
molecular building blocks to grow 2D molecular structures. These include: covalently 
linked networks [60, 186]; and self-assembled patterns driven by hydrogen bonding 
between carboxylic acid groups [187, 188]; and 2D networks stabilised by metal-ligand 
coordination bonds [174, 189, 190]. However very few studies have been conducted on 
the self-assembly of porphyrins arrays directed by hetero-molecular hydrogen bonding 
interactions [191, 192].  
  
Figure 5.3. Chemical structure of the molecules used to probe thymine-adenine interactions in 
solution phases: mono-thymine-tri-(3,5-di-tert-butylphenyl)porphyrin (Mono-TP) and 
9-propyladenine (PA). 
Prior to studying the intermolecular interactions of DNA nucleobases on surfaces, 
our collaborators at the University of Nottingham first probed the property of hydrogen 
bonding between thymine functionalised porphyrins and adenine in solution by 
investigating a model molecular system consisting of 
mono-thymine-tri-(3,5-di-tert-butylphenyl)porphyrin (mono-TP) and 9-propyladenine 
(PA) (Figure 5.3) [193]. The bulky tertiary butyl groups of mono-TP act as obstacles to 
prevent π–π stacking between porphyrins in solution phase [194]. A phenyl group was 
synthetically inserted between the porphyrin core and the thymine to act as a spacer in 
order to minimise steric effects between the thymine group and the porphyrin core. 
Mono-TP      
PA    
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Planar groups attaching to the meso positions directly may experience steric interactions 
with the porphyrin core. The molecular design shown here allows the thymine 
functional group and the porphyrin macrocycle to be coplanar, a vital condition for 2D 
self-assembly [195].   
Our collaborator in synthetic chemistry at the University of Nottingham, Prof. Neil 
Champness conducted structural studies on mono-TP and PA [193]. Single crystal X-ray 
diffraction was used to characterise the 3D crystal structure formed by mono-TP 
molecules. The single crystal was produced by diffusing CH3OH into a mono-TP in 
CH2Cl2 solution. A synchrotron X-ray source was then used to collect single crystal 
diffraction data for the mono-TP sample [196]. As a result of this diffraction experiment, 
the relative arrangement of the thymine group with respect with the porphyrin plane was 
determined. Based on the crystal structure of the mono-TP, an R2
2
(8) double hydrogen 
bonding interaction [197] as illustrated in Figure 5.4 was identified between thymine 
groups of adjacent mono-TPs.  
 
Figure 5.4. Single crystal X-ray structure for mono-TP showing the R2
2
(8) double hydrogen 
bonding interaction (see the two black, dashed lines) between two adjacent thymine groups in 
3D mono-TP cystals [193]. 
With the aim to evaluate hetero-molecular adenine-thymine interactions, NMR 
measurements were performed for mono-TP in deuterated chloroform solution with 
defined amounts of PA added into the solution gradually. Figure 5.5 (a) presents 
1
H 
NMR spectra collected at each increasing concentration of PA in the mixture of 
mono-TP and PA.  
O 
H 
N 
C 
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Figure 5.5. (a) 
1
H NMR spectra of mono-TP in deuterated chloroform solutions with PA being 
titrated into the system gradually. Spectrum 1 is recorded in pure PA. Spectra 2-17 correspond to 
mixtures with an increasing concentration of PA [193]. (b) Structural illustration of PA with 
numbering of positions. (c) Schematic representation of Watson-Crick A-T hydrogen bonding 
between PA and Mono-TP. (d) Schematic representation of Hoogsteen A-T hydrogen bonding 
between 9-propyladenine and Mono-TP. 
In spectrum 1 at the bottom of the graph, the two peaks can be attributed to the H 
atoms located at the C2 and C8 positions of the adenine group (Figure 5.5 (b)). The 
amine 
1
H of the adenine group was not detected at this range. In the host Mono-TP 
solution with an increasing ratio of PA (Spectra 2-17), the two peaks corresponding to 
the C8-H and C2-H of the PA adenine demonstrate chemical shifts. The shifts were 
reported to be caused by the change in the electronegativity of the neighbouring 
nitrogen species when forming hydrogen bonds with the mono-TP thymine groups. As 
two shift directions of the C2-H and C8-H signals were observed, the electronegativity 
Spectra 2-17: 
Constant mono-TP 
concentration 
Spectrum 1: 
 Pure PA 
 
(a) 
(b)            (c)                  (d) 
Chemical shift in the C2-H and C8-H signals 
signals  
R: Substituent  
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of the neighbouring C7-N and C1-N changed in two ways. This suggests that the 
binding interactions between the thymine and adenine groups consist of both Hoogsteen 
[198] and Watson-Crick [175] hydrogen bonding modes as illustrated in Figure 5.5 (c) 
and (d).    
Prior to analysing the hetero-molecular adenine-thymine interactions, the 
homo-molecular adenine-adenine interactions were also analysed by recording the 
chemical shift in adenine NH
1
H when increasing the concentration of mono-component 
PA solutions. The same method was also applied to the measurement of 
homo-molecular thymine-thymine interactions for mono-TP. The magnitude of the 
increase in NH
1
H shift for the mono-TP thymine in the mixture of mono-TP and PA was 
larger than the shifts observed in the mono-component systems. Thus, the 
hetero-molecular interactions between mono-TP and PA were shown to be stronger in 
comparison with homo-molecular interactions for mono-TP or PA. 
In order to expand the structural studies that had been carried out in the solution 
phases to solid surfaces, the self-assembly of tetra thymine functionalised porphyrins, 
including freebase tetra-TP and Zn-tetra-TP, have been investigated. As shown in Figure 
5.6, the meso-positions of the optically active porphyrin cores were functionalised with 
phenylthymine groups. The selective hydrogen bonding formed between the DNA 
nucleobases should result in more versatile 2D self-assembled networks compared with 
those directed by other less complex hydrogen bonding schemes such as carboxylic acid 
hydrogen bonding dimers. Moreover, the Zn metal atoms coordinated at the centre of 
Zn-tetra-TP molecular system has the potential to act as a site for forming further ligand 
coordination bonds with pyridine derivatives. Due to the axial nature of the coordination 
interaction, the on-surface self-assembly of Zn-tetra-TP could then potentially be 
extended from 2D to 3D. The extension of porphyrin self-assembled structures from 2D 
to 3D has potential applications in catalysis, molecular motors and gas storage [199]. 
Our experimental results show that both mono-component and multi-component 
networks can be formed at liquid-solid interfaces by utilising these thymine 
functionalised porphyrins and other small organic molecules with suitable hydrogen 
bonding groups as molecular building blocks.  
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Figure 5.6. Chemical formulae of  (a) tetra-(phenylthymine)porphyrin (tetra-TP); and (b) 
tetra-(phenylthymine)porphyrin-Zn(Ⅱ) (Zn-tetra-TP).  
5.2 Details of experiments and simulations 
For investigations of the self-assembly of  porphyrin networks, tetra-TP (or 
Zn-tetra-TP) were dissolved in a mixture of tetrahydrofuran (THF) (anhydrous, > 99.9%, 
Sigma Aldrich) and 1,2,4-trichlorobenzene (TCB) (anhydrous, > 99.9%, Sigma Aldrich) 
with a 1:9 volume ratio. Stock solution of tetra-TP (or Zn-tetra-TP) with a concentration 
of 0.056 mg/ml (0.059 mg/ml for Zn-tetra-TP) were made and diluted successively to 
produce several tetra-TP (or Zn-tetra-TP) solutions with concentrations ranging between 
0.0056 mg/ml and 0.056 mg/ml (0.0059 mg/ml to 0.059 mg/ml for Zn-tetra-TP).  .  
In order to mix PA with tetra-TP (or Zn-tetra-TP) PA was also dissolved in a 
mixture of THF and TCB with a 1:9 volume ratio. The nucleobase functionalised 
porphyrin molecules exhibit good solubility in THF. However, THF was too volatile for 
successful STM measurements, non-volatile TCB was needed to be used to allow STM 
experiments to be carried out at the liquid-solid interface. PA solutions with 
concentrations ranging between 0.0016 mg/ml and 0.20 mg/ml were prepared by 
diluting a stock solution with a concentration of 0.45 mg/ml. This large range of PA 
concentrations was used in order to investigate how the bi-component structures formed 
by tetra-TP (or Zn-tetra-TP) and PA are modified by the amount of PA. PA solutions 
were then mixed with tetra-TP (or Zn-tetra-TP) solutions to produce a range of mixed of 
(a)                       (b) 
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tetra-TP (or Zn-tetra-TP) and PA solutions with different overall concentrations and 
molar ratios.  
In the studies of melamine self-assembly, both tetra-TP and melamine were 
dissolved in a mixed solvent of dimethyl sulfoxide (DMSO) (anhydrous, > 99.9%, 
Sigma Aldrich) and TCB with a 1:9 volume ratio. DMSO was used as a solvent as THF 
proved to be unsuitable to dissolve melamine. Since DMSO is a highly polar solvent, a 
measurable leakage current was observed during STM experiments. Thus, TCB was 
mixed with DMSO to reduce the leakage current of the melamine and tetra-TP solutions. 
The STM sample preparation procedures were the same as used for the tetra-TP and 
9-propyladenine networks.  
 
Figure 5.7. Illustration of an STM tip scanning at the liquid-HOPG interface mounted inside the 
temperature control liquid cell.  
Self-assembled networks were prepared by depositing ~ 50 µl of the target solution 
onto a freshly cleaved HOPG substrate (Agar Scientific) mounted in a PTFE liquid cell 
(Figure 5.7). If no special explanation is provided, HOPG substrates were preheated to 
60 ºC, held at this temperature for 5 ~ 10 minutes and then left to cool down to room 
temperature (~ 25ºC) naturally prior to STM imaging. All STM images were collected 
in constant-current mode using an Agilent 5500 series STM system operating at the 
liquid-HOPG interface at ambient conditions. Mechanically cut Pt/Ir (80:20) tips 
(Advent Research Materials Ltd) were used for STM imaging. Flattening processes 
have been applied to all of the STM images presented in this chapter. For the high 
resolution STM images, drift-correction was implemented using the SPIP software 
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(Image Metrology, Denmark) by using the underlying HOPG lattice as a calibration.  
The HyperChem software package was used to produce MM simulations of the 
mono-component and bi-component self-assembled porphyrin structures. The MM 
simulations were carried out with no repeat boundary conditions. Thus, the calculations 
were performed on individual clusters of molecules, instead of systems representing by 
a repeating lattice. The influence of the underlying HOPG surfaces was taken into 
consideration by including a fixed graphene sheet as a substrate below the molecular 
clusters of 2D network structures. Molecular structures derived from high resolution 
STM images after drift-correction used to guide the starting morphology of the MM 
simulations. The initial positions of the planar porphyrin macrocycles, adenine cores 
and melamine centres were set to be 0.35 nm above the underlying graphene sheet. The 
MM+ force field was used in order to geometry optimise the starting unit cell of the 
network structures. When reaching an energy gradient < 0.01 kcal Å
-1 
mol
-1
, the 
geometry optimisation process was deemed complete. The values for the unit cell sizes 
and angles from a geometry optimised molecular structure and its underlying HOPG 
symmetry axes were compared with those obtained from the corresponding 
drift-corrected STM image. This comparison acted as a test of the validity of the 
calculation results.       
5.3 Self-assembly of freebase thymine-functionalised 
porphyrins 
In this section, the self-assembly of tetra-TP on its own at the interface between the 
TCB/THF solvent mixture and the HOPG substrate will be discussed first. After this,  
further investigations that demonstrate the ability of tetra-TP arrays to co-assemble with 
either PA or melamine and form bi-component networks will be introduced.  
5.3.1 Tetra-TP on its own 
Efforts were made to self-assemble mono-TP at the TCB-HOPG interface. However, no 
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molecular structure was ever captured during STM scans of the mono-TP. The reason 
for this lack of observed structure could be related to the smaller number of hydrogen 
bonds that a mono-TP molecule is capable of forming in comparison to the tetra-TP 
molecule. In addition, the presence of the non-planar tertiary butyl groups on the 
mono-TP molecule will lead to it having a far weaker adsorption interaction with the 
HOPG surface. In the case of tetra-TP, some undissolved particulate material was 
observed in solution even for the diluted tetra-TP solutions used in the project. When 
the tetra-TP solution deposited into the liquid cell was heated, it is believed that more of 
the tetra-TP was driven into solution increasing the concentration. On cooling, the 
additional tetra-TP that had been dissolved by heating then precipitated out of the 
solution. These additional tetra-TP molecules would then adsorb on the surface and 
form the self-assembled structures.  
Morphology of tetra-TP self-assembled networks 
 
Figure 5.8. STM image of a 2D tetra-TP (0.031 mg/ml) mono-component network 
self-assembled at the interface between HOPG and TCB/THF mixture (9:1). STM scanning 
conditions: Vs = - 0.5 V; It = 0.015 nA. Image size: 100 nm. Scale bar: 20 nm.  
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Figure 5.8 is a 100 nm × 100 nm STM image showing the formation of an 
extended tetra-TP network with domain size larger than 100 nm. When deposited on 
HOPG, the mono-component tetra-TP forms a 2D self-assembled network that is part of 
the p2 plane symmetry group. Each cross-shaped bright feature in the STM image 
corresponds to a tetra-TP molecule. The tetra-TP molecules adsorb in a planar fashion 
with the porphyrin cores aligned parallel with the underlying HOPG surface.  
  
Figure 5.9. (a) Drift-corrected STM image of the 2D self-assembly of mono-component tetra-TP 
networks, the unit cell marked in white. White arrows at bottom right corner indicate the main 
symmetry axes of the underlying HOPG surface. STM imaging conditions: Vs = - 0.53 V; It = 
0.012 nA. Image size: 8 nm. Scale bar: 1.6 nm. (b) Molecular model from a geometry optimised 
MM simulation of the mono-component tetra-TP network. 
Analysis of drift-corrected STM images for the tetra-TP network, for example the 
high resolution STM image shown in Figure 5.9 (a), provided a quantitative 
measurement of the lattice parameters of the 2D unit cell, and the alignment of the unit 
cell with respect to the underlying HOPG lattice. The values were obtained by taking an 
average from more than three measurements on different drift-corrected STM images. 
Associated error values for the unit cell dimensions and angle were obtained by 
calculating the standard deviations of the sets of multiple measurements. By taking 
measurements from a series drift-corrected STM images of the tetra-TP 
a 
b 
γ 
(a) (b) 
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monocomponent structure, the unit cell lattice parameters were determined to be a = 
25.9 ± 0.5 Å, b = 25.2 ± 0.6 Å and γ = 91 ± 1°. The angles that the unit cell structure 
makes with respect to its underlying graphite symmetry axes were measured to be α = 
(6 ± 3)° and β = (25 ± 3)°.  
 
Figure 5.10. MM simulated tetra-TP structure overlaying a fixed graphene sheet after geometry 
optimisation.  
MM simulations were employed as a complementary method to STM by 
calculating a geometry optimised molecular model for the self-assembled structure. In 
the MM simulations a unit cell of the tetra-TP unit structure was placed above a fixed 
graphene sheet (Figure 5.10). Figure 5.9 (b) presents the geometry optimised MM 
model for a unit cell of the tetra-TP network. The unit cell parameters of the tetra-TP 
structure obtained from the MM calculations were a = 26.0 Å, b = 25.9 Å and γ = 91°. 
The unit cell vectors made angles of α = 4.7° and β = 24.3° with the underlying HOPG 
symmetry axes. These unit cell values were in good agreement with those obtained from 
the drift-corrected STM images. Therefore, this molecular model was chosen as a valid 
representation of the 2D tetra-TP network. As can be seen from this model, the 
a 
b 
γ 
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formation of the tetra-TP structure is driven by hydrogen bonding between the thymine 
groups on adjacent tetra-TP molecules. The thymine-thymine hydrogen bonding mode 
is slightly different but still similar to the bonding arrangement observed between 
mono-TP molecules in 3D crystals [193] and between thymine molecules 
self-assembled in 2D at the interface between HOPG and 1-octanol [183].  
Adsorption-induced chirality of tetra-TP 
   
Figure 5.11. Drift-corrected STM images and molecular models showing mirror-image domains 
of the tetra-TP network (0.031 mg/ml). Both image sizes: 13.5 nm. Both scale bars: 2.7 nm. 
STM imaging parameters: (a) Vs = - 1.3 V, It = 0.02 nA; (b) Vs = - 0.5 V; It = 0.015 nA.  
In some of the high resolution STM images, mirror-image domains of the tetra-TP 
networks were visible (see Figure 5.11). These two chiral arrangements of the tetra-TP 
structure could be observed at different locations on the same surface. The chiral 
tetra-TP structures result from the existence of the two possible orientations that the 
asymmetric thymine groups can adopt upon adsorption onto a HOPG surface. In each of 
the homochiral domains in Figure 5.11, tetra-TP molecules adopt a single handedness. 
As the two chiral domains both have a four-fold symmetry, all of the four thymine 
groups in individual tetra-TP molecule exhibit the same orientation with respect to the 
porphyrin macrocycle. In solution, it is believed that the four thymine groups in a 
(a) (b) 
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tetra-TP are able to rotate freely. Following adsorption onto the HOPG surface, the 
prochiral tetra-TP becomes chiral adopting either a right-handed or a left-handed 
configuration. The adsorption-induced chirality phenomenon has been observed in 
many other supramolecular self-assembled patterns formed by molecules at liquid-solid 
interfaces [200, 201].   
5.3.2 Tetra-TP and PA 
Morphology of tetra-TP and PA bi-component structure 
 
Figure 5.12. STM image of a 2D molecular network formed by the self-assembly of tetra-TP 
(0.031 mg/ml) and PA (0.089 mg/ml) at the liquid-solid interface. Scale bar is 14 nm. STM 
imaging conditions: Vs = - 0.5 V, It = 0.02 nA.  
Figure 5.12 shows an STM image of the self-assembled structure formed by tetra-TP 
and PA at the solvent/HOPG interface. In this molecular network tetra-TP and PA 
co-crystallise into ordered bi-component structures surrounded by disordered regions 
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(see Figure 5.12). The domain size of the bi-component structures can be quantified by 
taking the square root of the surface area occupied by an ordered domain. In order to 
measure the average domain size of the ordered regions, the average value and standard 
deviation of five domain sizes collected from different locations on the same surface 
were calculated. As a result, the average domain size of the ordered regions formed 
under this set of conditions was determined to be 19 ± 7 nm. The ordered regions were 
observed in all of the STM images collected on this surface. The percentage of the 
surface covered with the disordered regions was analysed from three STM images 
collected from different locations of the same surface. The average percentage coverage 
of the disordered regions was estimated to be 83.1 % ± 5.5 %. No repeating structural 
motif can be seen in the disordered regions.  
In order to illustrate the exact bonding mode between tetra-TP and 9-propyladenine 
in the ordered co-crystal, drift-corrected high resolution STM images were collected to 
determine the unit cell dimensions of the bi-component 2D self-assembled pattern. MM 
simulations were then conducted to interpret the molecular morphology observed from 
the STM images using a same method as described for the tetra-TP mono-component 
system. Unit cell values from the different possible molecular models were compared 
with the experimentally measured data for the purpose of validating a calculated 
structure.  
Figure 5.13 (a) is a high resolution, drift-corrected STM image showing the unit 
cell structure of the ordered tetra-TP and PA co-crystal. By analysing more than three 
different STM images of this quality, unit cell parameters for the 2D network were 
measured to be a = (25.4 ± 0.7) Å, b = (22.2 ± 0.9) Å, and γ = (83.0 ± 2.0)°. The angles 
that the unit cell vectors make with respect to the underlying HOPG symmetry axes 
were determined to be α = (4.4 ± 1.2)°, and β = (26.9 ± 2.1)°. 
MM calculations performed with no repeat boundary conditions were carried out to 
optimise the geometry of the ordered tetra-TP and PA structure on an underlying fixed 
graphene sheet (Figure 5.14). Figure 5.13 (b) presents the MM calculated unit cell of the 
co-crystal which has dimensions that are in good agreement with those measured 
directly from the drift-corrected STM images: a = 26.0 Å; b = 21.5 Å; γ = 85.7°. The 
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angles that the unit cell vectors make with the underlying graphite symmetry axes were 
measured to be α = 4.7°, and β = 30.0°. The calculated model can be used to illustrate 
the various hydrogen bonding modes that exist in the tetra-TP and PA co-crystal 
structure presented in Figure 5.13 (a). 
      
  
    
Figure 5.13. (a) Drift-corrected STM image of the tetra-TP and PA co-crystal structure. Scale 
bar: 1.6 nm. (b) Geometry optimised molecular model and unit cell (marked in red) for the 2D 
network. (c)-(d) A pair of STM images used for drift-correction showing the bi-component 
molecular network and the underlying HOPG surface respectively. STM imaging conditions: (a) 
Vs = - 0.55 V, It = 0.012 nA; (b) Vs = - 0.5 V, It = 0.02 nA; (c) Vs = - 0.05 V, It = 1 nA. 
As can be seen from the molecular model shown in Figure 5.14, the two PA 
molecules are linked to each other by a hydrogen bond dimer. Each PA molecule is 
 
(a) 
(c) (d) 
(b) 
γ 
a 
b 
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linked to the two adjacent tetra-TP molecules by three hydrogen bonds. The hydrogen 
bonding dimer between the two PA molecules is consistent with the bonding scheme 
observed in self-assembled adenine structures on a HOPG surface from DFT 
calculations [183]. The three hydrogen bonds formed between the PA and two 
surrounding tetra-TP molecules consist of a hydrogen bond dimer that adopts a 
Watson-Crick adenine-thymine base pair type interaction [175] and a single -NH···N 
hydrogen bond.  
 
Figure 5.14. MM simulated molecular model for the tetra-TP and PA co-crystal with the fixed 
underlying graphene lattice. Red, dashed lines: hydrogen bonding.  
Due to the adsorption-induced chirality of asymmetric thymine groups, the growth 
of mirror image domains has also been observed for the tetra-TP and PA bi-component 
system. Figure 5.15 presents an STM image showing the formation of two homochiral 
domains with opposite chirality for the tetra-TP and PA co-crystal. In each of the highly 
ordered domains all four of the thymine groups for each individual tetra-TP molecule 
adopt the same orientation with respect to the porphyrin macrocycle either clockwise or 
anti-clockwise. The two adsorption-induced enantiomers of the prochiral tetra-TP 
molecule lead to the observation of the two mirror-image domains of the tetra-TP and 
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PA bi-component self-assembled structure. 
 
Figure 5.15. STM image of a bi-component network formed by tetra-TP (0.10 mg/ml) and PA 
(0.040 mg/ml) that shows the growth of mirror-image domains. Image size: 50 nm. Scale bar: 
10 nm. STM imaging conditions: Vs = - 0.55 V; It = 0.015 nA. 
Concentration and molar ratio dependency of the bi-component self-assembly 
Efforts have been devoted to understanding the way the bi-component networks 
form, and to increasing the areas of the ordered bi-component structures. STM 
investigations were carried out to study the influence that the overall concentration and 
molar ratio of tetra-TP and PA had on the morphology of the bi-component 
self-assembled networks. Networks were formed using a range of mixtures of tetra-TP 
and PA with different molar ratio values and concentrations. These structures were then 
imaged using STM.  
Figure 5.16 demonstrates four example STM images collected for tetra-TP and PA 
self-assembled networks prepared under different conditions. By comparing the network 
morphology in these STM images, it is observed that the formation and quality of the 
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ordered tetra-TP and PA co-crystal network is related to the overall concentration and 
molar ratio of the two molecular components in solution. 
   
   
Figure 5.16. STM images showing the morphology of tetra-TP and PA networks formed at 
different overall concentrations and molar ratios of the two components. (a) Molar ratio between 
tetra-TP (0.015 mg/ml) and PA (0.044 mg/ml) is 1:16. (b) Molar ratio between tetra-TP (0.034 
mg/ml) and PA (1.6 × 10
-3
 mg/ml) is 4:1. (c) Molar ratio between tetra-TP (0.020 mg/ml) and PA 
(0.22 mg/ml) is 1:64. (d) Molar ratio between tetra-TP (5.6 × 10
-3
 mg/ml) and PA (0.38 mg/ml) 
is 1:383. STM imaging conditions: (a) Vs = - 0.5 V, It = 0.02 nA; (b) Vs = - 0.55 V, It = 0.02 nA; 
(c) Vs = - 0.5 V, It = 0.02 nA; (d) Vs = - 0.5 V, It = 0.03 nA. Scale bars: (a) 30 nm; (b) 11 nm; (c) 
20 nm; (d) 11 nm.  
The same quantitative analysis method that was used to analyse the STM image 
(a) (b) 
(c) (d) 
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shown in Figure 5,12 was applied to study the structural order of bi-component 
networks formed by tetra-TP and PA under different conditions. The results of the 
quantitative analysis for the STM images presented in Figure 5.16 are listed in Table 
5.1.  
STM 
image 
Mixture of tetra-TP 
and PA 
(mg/ml) 
Molar 
ratio of 
tetra-TP 
to PA 
Composition of 
ordered areas 
% coverage of  
ordered areas   
Domain size 
of ordered 
areas (nm) 
Figure 
5.12 
Tetra-TP: 0.031 
PA: 0.089 
1:16 Bi-component (16.9 ± 5.5) % 19 ± 7 
Figure 
5.16 (a) 
Tetra-TP: 0.015 
PA: 0.044 
1:16 Bi-component (24.2 ± 16.2) % 39 ± 14 
Figure 
5.16 (b) 
Tetra-TP: 0.034 
PA: 1.6 × 10
-3
 
4:1  Mono-component (5.3 ± 4.4) % 19 ± 5 
Figure 
5.16 (c) 
Tetra-TP: 0.020 
PA: 0.22 
1:64 Bi-component (7.4 ± 2.3) % 16 ± 7 
Figure 
5.16 (d) 
Tetra-TP: 5.6 × 10
-3
 
PA: 0.38 
1:383 Bi-component (1.4 ± 0.8) % 9 ± 1 
Table 5.1. Summary of results for the quantitative analysis of the bi-component networks 
formed by tetra-TP and PA under different sets of conditions.  
In comparison with the network demonstrated in Figure 5.12, Figure 5.16 (a) 
maintains the same tetra-TP to PA molar ratio (1:16) but the concentrations of tetra-TP 
and PA are both decreased by half. At this molar ratio, the lower overall concentration 
leads to the growth of the tetra-TP and PA co-crystal with larger domain sizes, and 
lower coverage of disordered regions. This could be related to reduced kinetic trapping 
of the adsorbed tetra-TP molecules. As discussed previously, the additional tetra-TP 
molecules that are dissolved during the heating stage would precipitate on the HOPG 
surface when the sample is cooled. At the lower overall concentration, the kinetic 
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trapping effect is reduced leading to the growth of larger ordered domains compared 
with the network shown in Figure 5.12.  
In Figure 5.16 (b), the concentration of tetra-TP is the same is in Figure 5.12. 
However, the molar ratio of tetra-TP to PA has been increased to 4:1 by lowering the 
concentration of PA. In this case, the highly ordered regions change from the tetra-TP 
and PA co-crystal to the tetra-TP mono-component self-assembled network surrounded 
by disordered regions.  
When the amount of PA is increased to a high level, for example in Figure 5.16 (c), 
the ordered bi-component structures interspersed within the disordered regions display 
much smaller domain sizes as compared with Figure 5.16 (a).  
In Figure 5.16 (d), the molar ratio of PA to tetra-TP is further increased (1:383) by 
lowering the concentration of tetra-TP. The large excess of PA molecules in comparison 
to tetra-TP results in the favourable growth of disordered regions at the expense of the 
ordered bi-component co-crystal.   
The above results demonstrate that the formation of the self-assembled tetra-TP 
and PA co-crystal is strongly related to the overall concentration and molar ratio of the 
molecular species. The concentration and molar ratio dependency suggests the 
significance of kinetic effects in the surface-based self-assembly of tetra-TP and PA. the 
low solubility of tetra-TP molecules in the mixture of THF and TCB means that it is 
difficult for the adsorbed tetra-TP on HOPG to desorb back into the solution. As a result, 
the adsorbed tetra-TP and PA molecules are kinetically trapped on the HOPG surface. 
Consequently, the re-organisation of the molecular system becomes more difficult and 
the formation of ordered structures is reduced.  
5.3.3 Tetra-TP and melamine 
Molecular recognition between the diimide group of thymine derivatives and the 
diaminopyridine group of melamine has previously been explored as a route to build up 
a variety of self-assembled 2D nano-architectures. Example molecular systems include: 
3D assemblies of melamine and thymine functionalised nanoparticles for the visual 
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detection of tiny amounts of melamine in raw milk [202]; and 2D porous self-assembled 
networks for guest adsorption under either UHV conditions [2] or at liquid-solid 
interfaces [203]. Figure 5.17 illustrates the triple hydrogen bonding scheme that can be 
observed between melamine and thymine derivatives.  
 
 
Figure 5.17. Chemical structure of melamine and its non-covalent interaction with thymine via 
three hydrogen bonds. Hydrogen bonds are marked by dashed red lines.  
Melamine molecules were added to tetra-TP networks as linkers to form 
bi-component 2D self-assembled networks driven by the above complementary 
hydrogen bonding between melamine and thymine.  
Figure 5.18 (a) presents an STM image with a scan size of 150 nm which shows 
the formation of a tetra-TP and melamine bi-component network at the interface 
between HOPG and DMSO-TCB. Some defects of the network are discernible at this 
scale, for example: vacancies corresponding to missing tetra-TP; and dislocations at 
domain boundaries (Figure 5.18 (b)). The large bright features visible in the image are 
probably due to 3D aggregates of undissolved molecules (Figure 5.18 (c). the leakage 
current caused by using DMSO as a solvent rather than THF or TCB meant that STM 
tips imaging in DMSO needed to be brought closer to the surface by applying a lower 
voltage and selecting a higher set-point tunnel current. Under these imaging conditions, 
a larger current flows between the tip and the surface. Thus, the relative influence of the 
leakage current resulting from the DMSO in the solvent mxiture can be reduced.  
Melamine           Thymine (T) 
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Figure 5.18. (a) STM image of a self-assembled network formed by tetra-TP (5.0 × 10
-3
 mg/ml) 
and melamine (0.050 mg/ml) at the liquid-solid interface. STM imaging conditions: Vs = - 0.45 
V, It = 0.03 nA. Image size: 150 nm. Scale bar: 30 nm. (b) Magnified STM image of the region 
marked by the dashed, white square in (a). (c) Line profile showing the apparent height of one 
of the bright features in (a).  
(a)  
                             
(b) 
(c) 
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Figure 5.19. (a) High resolution, drift-corrected STM images of the tetra-TP (2.4 × 10
-4
 mg/ml) 
and melamine (0.090 mg/ml) network at the liquid-solid interface between HOPG and 
DMSO/TCB. The unit cell for the tetra-TP and melamine structure is marked in white. STM 
imaging conditions: Vs = - 0.5 V, It = 0.02 nA. Image size: 15 nm. Scale bar: 3 nm. (b) Geometry 
optimised MM simulations of six melamine molecules surrounded by three tetra-TP molecules 
with an underlying fixed graphene layer. (c) MM simulated molecular model for an extended 
region of the tetra-TP and melamine network. The unit cell of the network is marked in red.  
b 
a 
γ  
γ  
a 
b 
(a) (b) 
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Higher magnification STM images were collected to determine the exact structure 
of the bi-component tetra-TP and melamine self-assembled network and to measure its 
unit cell dimensions. Figure 5.19 (a) shows a high resolution, drift-corrected STM 
image on a HOPG surface covered with the tetra-TP and melamine network. From this 
image we can see that the tetra-TP molecules adopt three orientations with respect to the 
underlying surface. Each of the tetra-TP molecules has its central axis making an angle 
of 120° with that of adjacent tetra-TP molecules. Using multiple measurements from 
different regions of this STM image the lattice parameters of the network were 
determined to be a = (4.4 ± 0.4) nm; b = (4.7 ± 0.5) nm; γ = 58 ± 2°. As can be seen 
from the STM image, some of the larger pores in the structure are not empty, for 
example the red, dashed ring marked in Figure 5.19 (a). In this molecular system, these 
pores are highly likely to hold a ring of six melamine molecules leading to an increasing 
number of hydrogen bonds. The reason for this STM image interpretation will be 
discussed later in this section.  
Based on the morphology and dimensions of the tetra-TP and melamine network 
illustrated in STM images, tentative molecular models were built for the assembled 
structure using MM simulations. Due to the calculation limit of the computer used to 
run the HyperChem package, only one unit structure formed by the ring of six melamine 
molecules surrounded by three tetra-TP molecules was geometrically optimised with a 
fixed underlying graphene sheet taken into consideration (See Figure 5.19 (b). Figure 
5.19 (c) is a tentative MM calculated model for the tetra-TP and melamine network with 
all of its larger pores filled by the six-melamine rings. The unit cell parameters for the 
tetra-TP and melamine network based on these simulations were calculated to be a = 5.0 
nm; b = 5.2 nm; γ = 60°, in good agreement with the experimentally measured values.  
More high resolution STM images were collected to verify the molecular model 
shown in Figure 5.19 (c). Figure 5.20 shows an STM image in which the individual 
melamine molecules that act as linkages between tetra-TP molecules can be resolved. 
From the molecular model for one of the melamine junctions (Figure 5.20 (c)), each of 
the tetra-TP molecules has an achiral arrangement and the four thymine groups of a 
single tetra-TP adopt two different orientations.  
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Figure 5.20. STM image of the tetra-TP (2.4 × 10
-4
 mg/ml) and melamine (0.090 mg/ml) 
network allowing the identification of the individual melamine linkers. STM imaging conditions: 
Vs = - 0.55 V, It = 0.015 nA. Image size: 12.5 nm. Scale bar: 2.5 nm. (b) Magnified STM image 
showing a melamine linking its adjacent tetra-TP molecules by three melamine-thymine 
hydrogen bond trimers. (c) Corresponding molecular structure of the melamine-linked junction.  
Melamine molecules adsorbed in the larger pores of the tetra-TP and melamine 
network were visible in some of the STM images, for example, in Figure 5.21 (a). 
Details of the melamine assemblies within the pores as guest molecules can be seen 
from Figure 5.21 (b). We suggest that six melamine molecules form a hexagonal 
arrangement appearing as three bright spots in the STM images for two reasons. Firstly, 
the unit cell dimensions of the model match those of the STM images. The stabilisation 
and geometrical size of the hexagonal melamine self-assembled structure have also been 
verified using DFT simulations [204]. Secondly, the hexagonal arrangement of six 
melamine molecules is a commonly observed structural motif in other 2D 
self-assembled systems containing melamine [205-207]. Moreover, the three-spot STM 
feature for the porous melamine structure self-assembled at the liquid-solid interface is 
similar to a previous observation of melamine ad-layers adsorbed at the air-HOPG 
interface after solvent evaporation (Figure 5.22) [208]. Figure 5.21 (c) shows a 
molecular model built for the melamine assemblies in the pore formed by three tetra-TP 
(b) (a) 
(c) 
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molecules with different orientations of their central axis. The guest-host structure is 
stabilised by six hydrogen bonding dimers between adjacent melamine molecules taking 
opposite directions and six pairs of thymine-melamine hydrogen bonding trimers.  
  
 
Figure 5.21. (a) STM image of the tetra-TP (2.4 × 10
-4
 mg/ml) and melamine (0.090 mg/ml) 
network showing the melamine rings. STM scanning parameters: Vs = - 0.55 V, It = 0.015 nA. 
Image size: 22 nm. Scale bar: 4.4 nm. (b) Magnified STM image of melamine adsorbed in a 
large pore formed by three tetra-TP molecules. (c) Corresponding molecular model of the 
nanostructure observed in (b). Dashed, red lines represent individual hydrogen bonds.  
(a) (b) 
(c) 
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Figure 5.22. (a) STM image of 2D melamine self-assembly at the air HOPG interface. (b) 
Corresponding molecular model. From reference [208].  
The concentrations and molar ratios of tetra-TP and melamine were adjusted in an 
attempt to explore other possible self-assembled structures and gain control over the 
previously described ordered network. However, no other co-assembled structure was 
observed to form between tetra-TP and melamine. Interestingly, tetra-TP on its own 
cannot adsorb from the mixed solvent of DMSO and TCB onto HOPG to form the 
mono-component network. Melamine molecules play an important role in the 
adsorption of tetra-TP at the interface between HOPG and the solvent mixture of DMSO 
and TCB. Further investigations on intermolecular interactions between tetra-TP, 
melamine and solvent molecules are required to determine the reasons why tetra-TP 
behaves in a different way at the interface between HOPG and DMSO/TCB.  
5.4 Self-assembly of Zn-tetra-TP  
The inclusion of zinc within the core of the thymine functionalised porphyrin opens up 
several possibilities for building tuneable functional porphyrin assemblies at liquid-solid 
interfaces controlled by metal-ligand coordination interactions [209-211]. In this section, 
the results of STM investigations into the self-assembly of Zn-tetra-TP related 
molecular systems will be discussed.  
5.4.1 Zn-tetra-TP on its own 
The STM image shown in Figure 5.23 (a) shows a Zn-tetra-TP mono-component 
(a)                   (b)       
(b)  
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network self-assembled at the liquid-solid interface. Compared with the tetra-TP 
network formed using a similar molar concentration (Figure 5.8), the Zn-tetra-TP 
network has a lower coverage which was determined to be (80.0 ± 6.7 ) % by 
calculating the average and standard deviation of four sets of data.  
  
Figure 5.23. (a) STM image of the Zn-tetra-TP (0.028 mg/ml) network self-assembled at the 
interface between HOPG and THF/TCB. Image size: 100 nm. Scale bar: 20 nm. STM scanning 
conditions: Vs = - 0.5 V, It = 0.02 nA. (b) Magnified STM image showing detailed structure of 
the Zn-tetra-TP network. Image size: 45 nm. Scale bar: 9 nm. STM scanning conditions: Vs = - 
0.5 V, It = 0.03 nA. (c) Line profile showing the height of different porphyrin species.  
(a) 
(b)      
(c)      
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The reduced coverage of Zn-tetra-TP mono-component is most probably related to 
its higher solubility in the mixture of THF and TCB (1:9). As discussed previously in 
section 5.3.1, undissolved tetra-TP particulates were present in THF/TCB solutions at 
concentrations as low as 0.03 mg/ml. However, no undissolved particulates were visible 
for Zn-tetra-TP at the same concentration. Similar to the tetra-TP network, the 
Zn-tetra-TP network is also weakly stabilised and proved difficult to image consistently 
using STM.  
More details concerning the structure of the Zn-tetra-TP network are revealed by 
the higher magnification STM image presented in Figure 5.23 (b). Each Zn-tetra-TP 
molecule appears as a bright feature in the image [212, 213]. The symmetrical 
cruciform shape of the porphyrin molecules that was previously observed for the 
tetra-TP network is not observed. However, the P2 plane symmetry of the porphyrin 
lattice is still clearly resolved in the STM images. On first inspection, some Zn-tetra-TP 
molecules appear to be missing from the 2D network leaving vacancies in the structure. 
However, some of the holes within the network are not empty, but seem to be filled by 
another molecular species with a much darker contrast in the STM image corresponding 
to a lower topographic height. As illustrated in Figure 5.23 (c), line profiles can be taken 
to measure the heights of the different molecular features in the STM image. By 
calculating the average and standard deviation of multiple measurements the heights of 
the Zn-tetra-TP and darker molecular species were determined to be (0.32 ± 0.04) nm 
and (0.14 ± 0.05) nm respectively. This substitution impurity is highly likely to be 
freebase tetra-TP which was not converted to Zn-tetra-TP during the synthesis 
procedures for the porphyrin raw materials [214, 215]. If this is the case, the hydrogen 
bonding scheme between Zn-tetra-TP molecules should be identical as that for tetra-TP.  
5.4.2 Zn-tetra-TP and freebase tetra-TP 
In order to confirm the hypothesis that the features with different contrasts observed in 
Figure 5.23 correspond to freebase and Zn containing porphyrins, mixed solutions of 
tetra-TP and Zn-tetra-TP were used to form network structures. A mixed solution with a 
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1:4 molar ratio of tetra-TP and Zn-tetra-TP was used to form a molecular network at the 
interface between HOPG and THF/TCB.  
 
Figure 5.24. (a) STM image of the network formed using a mixture of Zn-tetra-TP (0.040 mg/ml) 
and freebase tetra-TP (0.010 mg/ml) at the liquid-solid interface. Image size: 115 nm. Scale bar: 
23 nm. STM scanning conditions: Vs = - 0.65 V, It = 0.015 nA. (b) Line profile showing the 
heights of bright and dark porphyrin species.  
The molecular network formed by the self-assembly of these two porphyrin species 
is presented in Figure 5.24 (a). The resulting 2D network shows a mixed composition of 
bright and dark contrast porphyrins distributed within a single domain of the tetra-TP 
square lattice. Therefore, the adsorption fashion and thymine-thymine hydrogen 
bonding recognition of Zn-tetra-TP should be exactly the same as those of tetra-TP. The 
result of the mixing experiment suggests an identical unit cell structure of the 
Zn-tetra-TP monocomponent network to that of the tetra-TP. By measuring surface 
areas covered with the bright and dark porphyrins in Figure 5.24 (a), the percentage of 
the bright and dark porphyrins were calculated to be 33.1 % and 66.9 %, respectively. 
As shown in Figure 5.24 (b), the heights of the bright and dark porphyrins were 
measured by taking line profiles. By calculating the average and standard deviation of 
(a) 
(b) 
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multiple measurements, the heights of the bright and dark porphyrins were determined 
to be (0.28 ± 0.04) nm and (0.15 ± 0.02) nm, respectively.  
5.4.3 Zn-tetra-TP and PA 
Figure 5.25 shows an STM image recorded for the self-assembled network formed by 
Zn-tetra-TP and 9-propyladenine (PA). In this STM image, the mixture of Zn-tetra-TP 
(0.040 mg/ml) and PA (0.043 mg/ml) in THF and TCB (1:9 in volume) was deposited 
onto a HOPG surface at room temperature. The two components self-assembled into a 
combination of highly ordered bi-component regions and disordered regions occupying 
the areas between ordered domains. For the STM image shown in Figure 5.25, the 
percentage of porphyrins within disordered regions was estimated to be 35.1 %. By 
calculating the average and standard deviation of eight domain size values collected 
from this STM image, the average domain size of the ordered areas was measured to be 
(23 ± 5) nm.  
 
Figure 5.25. STM images recorded at room temperature for the Zn-tetra-TP (0.040 mg/ml) and 
PA (0.043 mg/ml) network deposited from a mixed solution onto a HOPG substrate without 
pre-heating. Imaging parameters: Vs  = - 0.65 V, It = 0.015 nA. Image size: 150 nm. Scale bar: 
30 nm.   
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Figure 5.26. Typical STM images collected at sequentially elevated temperatures for the 
Zn-tetra-TP (0.040 mg/ml) and PA (2.2×10
-4
 mg/ml) co-assembled structures. (a) 50 ºC. (b) 60 
ºC. STM imaging conditions are both: Vs = - 0.65 V, It = 0.015 nA. Both image sizes are 200 nm. 
Both scale bars are 40 nm.  
In-situ STM investigations were carried out to study the morphology of the 
Zn-tetra-TP and PA co-assembled networks at elevated temperatures. First, an STM 
(a) 
(b) 
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sample was prepared using the previously described method used for the bi-component 
network. The STM sample was then heated up to 50 ºC, 60 ºC and 70 ºC in a step by 
step fashion. STM images were collected after each temperature increase. Less than 30 
minutes were spent collecting STM images at each temperature in order to minimise the 
influence that solvent evaporation would have on the solution concentration.  
Figure 5.26 (a) shows an STM image of the Zn-tetra-TP and PA network taken at 
50 ºC. Highly ordered domains of the bi-component co-crystal structure were observed 
on the surface. Within the co-crystal domains, the two distinct contrasts for the 
porphyrin molecules was still visible. The average domain size of the ordered regions 
was measured to be (38 ± 14) nm by calculating the average and standard deviaiton of 
eight sets of data. A similar morphology of the Zn-tetra-TP and PA network was formed 
at 60 ºC (Figure 5.26 (b)). The average domain size of the ordered bi-component 
networks was determined to be (36 ± 14) nm. This value shows no significant change 
compared with the network imaged at 50 ºC. When the STM sample was heated up to 
70 ºC, no structure was observed in the STM images. Therefore, we assume that the 
network had decomposed and potentially the molecules had desorbed back into the 
solution. At temperatures above 60 ºC, the bi-component network was destroyed 
possibly due to a stronger preference for desorption of the molecular components or the 
disruption of the intermolecular hydrogen bonding. 
5.5 Conclusions 
Highly ordered and extended tetra-TP arrays with a square-shape unit cell have been 
prepared at the interface between HOPG and organic solvent mixtures. The formation of 
these structures was driven by thymine-thymine hydrogen bonds. The mono-component 
tetra-TP network can be disrupted by the addition of 9-propyladenine (PA) molecules 
into the molecular system. The addition of PA leads to the formation of a co-crystal of 
tetra-TP and PA stabilised by inter-adenine hydrogen bonding and Watson-Crick type 
[175] thymine-adenine interactions. The formation of the co-crystal structure depends 
strongly on the overall concentration and molar ratio of the two components, indicating 
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that kinetic effects play an important role in the self-assembly process. More diverse 
bi-component tetra-TP nanostructures can be built by including melamine. Directed by 
the triple hydrogen bonding interaction between melamine and thymine, tetra-TP and 
melamine self-assemble into bi-component nanostructures at the interface between 
HOPG and DMSO/TCB. In the tetra-TP-melamine network, melamine molecules not 
only link tetra-TP molecules stabilised by the triple melamine-thymine hydrogen 
bonding, but also self-assemble within the pores of the bi-component network as guest 
molecules.  
Similar to the self-assembly behaviour of tetra-TP, Zn-tetra-TP can also form 
mono-component networks at the interface between HOPG and THF/TCB. Impurities in 
the Zn-tetra-TP raw material that consist of zinc free tetra-TP molecules lead to the 
formation of substitutional defects in the Zn-tetra-TP network. 
PA can also be used to grow ordered co-crystal structures in combination with 
Zn-tetra-TP. Compared with tetra-TP, Zn-tetra-TP has the potential to construct more 
complex molecular structures at interfaces driven by the axial coordination interactions 
between the central zinc atom and suitable complex forming ligands such as pyridine.  
5.6 Future work  
The results obtained in this chapter demonstrate a novel strategy for the formation of 
highly ordered porphyrin arrays using the selective and directional hydrogen bonding 
interactions between DNA nucleobase functional groups. In addition to the 
thymine-adenine interactions studied here, other molecular recognition between DNA 
bases can be incorporated to prepare more complex surface-based self-assembled 
structures. In terms of organic synthesis, a variety of other DNA nucleobase 
functionalised molecules could be designed to generate more complex self-assembled 
molecular surface structures.  
The observation of chiral domains within both the tetra-TP mono-component 
network and the tetra-TP and PA network opens the route for using these systems to 
study 2D chirality. More efforts can be put into controlling the chirality of these 
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self-assembled networks. For example, adding a chiral component to see if it leads to a 
preferred chiral arrangement.  
The coordination of the central Zn atom of Zn-tetra-TP with a pyridine ligand 
creates opportunities to extend the self-assembly of mono-layers to bi-layers by binding 
other axial ligands leading to more applications for the porphyrin assembles. Since the 
Zn-tetra-TP mono-component network can be easily disrupted by STM imaging, more 
studies are required to form Zn-tetra-TP arrays with higher stability. A potential solution 
would be to attempt self-assembly of Zn-tetra-TP with a similar tetra adenine 
functionalised porphyrin species. The selective hydrogen bonding between thymine and 
adenine will open up the possibility of forming far more complex 2D arrangements. The 
increased structural complexity will result in more new properties of 2D self-assembled 
porphyrin structures for potential applications in catalysis, sensors and molecular 
electronics.  
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Chapter 6 
On-surface synthesis and characterisation of 
mono-layer covalent-organic frameworks 
The formation of surface-supported two-dimensional covalent organic frameworks 
(2D-COFs) via Schiff-base condensation reactions between either 
5,10,15,20-meso-tetra(4-aminophenyl) porphyrin (TAPP) or 
5,10,15,20-meso-tetra(4-aminophenyl) porphyrin Zn(II) (ZnTAPP) and 
benzene-1,4-dicarboxaldehyde (BDA) has been investigated. Through careful control of 
environmental conditions during growth, highly ordered 2D-COFs were synthesised on 
HOPG with domain sizes larger than 100 nm. The morphology of the porphyrin 
2D-COFs was studied using a combination of STM and AFM. Additionally, XPS was 
employed as a complementary spectroscopic technique to SPM to reveal the chemical 
composition of the 2D-COFs. Our XPS results show the co-existence of conjugated 
imine and non-conjugated hemiaminal links between the porphyrins after Schiff-base 
condensation reactions. The chemical compositions of the links are closely related to the 
electronic properties of the 2D-COF. Our findings highlight the importance of 
investigating both the morphological and chemical structure of 2D-COFs utilising 
complementary experimental techniques.  
6.1 Introduction 
Due to the intrinsic weakness of noncovalent interactions in comparison to covalent 
bonds, 2D self-assembled molecular networks often have low levels of thermal and 
chemical stability. This instability can hinder the use of non-covalently stabilised 
molecular networks in technological applications. An effective solution to this problem 
is to link molecular components using covalent bonds. The concept of covalent-organic 
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frameworks (COFs), where molecular building blocks are linked by strong covalent 
bonds, was first reported by Côté and Yaghi et al. [68]. Their paper presented the 
synthesis of highly robust and thermally stable porous bulk 2D-COFs based on the 
dehydration reaction between diboronic acid and hexahydroxy triphenylene. These bulk 
2D-COFs consist of 2D covalently stabilised layers stacked on top of each other with 
non-covalent interactions between the different layers. With the decrease in material 
dimensions from bulk to 2D, surface-based covalently bonded networks have evolved 
into an active area of research. The interest in surface-based 2D-COFs has arisen as a 
result of the stability of covalent bonds and the diversity of synthetic monomers that are 
available [216]. The most commonly used reaction schemes to grow long-range ordered 
2D-COFs on solid surfaces are boronic acid and Schiff-base condensation reactions. 
These poly-condensation reactions are reversible and thus can be modulated by 
thermodynamic equilibrium conditions.  
To address the current challenge of growing high-quality 2D-COFs over large 
surface areas, the growth of porphyrin 2D-COFs via an amine-aldehyde condensation 
reaction on a HOPG surface has been investigated. The morphology and chemical 
properties of the resulting 2D-COF materials were then characterised using a 
combination of STM, AFM and XPS. In this chapter, experimental results on two 
molecular systems are presented. Firstly, 2D-COFs were formed on HOPG via 
Schiff-base condensation reactions between freebase TAPP and BDA. Secondly, a 
zinc-containing amine functionalised porphyrin, ZnTAPP, was used as a molecular 
building block to grow 2D-COFs also using BDA as a linking molecule.   
6.2 Experimental methods 
6.2.1 Synthetic route 
In this section, the reaction scheme designed to activate the Schiff-base condensation 
reactions between the amine groups on TAPP (Figure 6.1 (a)) or ZnTAPP (Figure 6.1 
(b)), and the aldehyde groups on BDA (Figure 6.1 (c)) is presented.  
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The porphyrin molecules, TAPP and ZnTAPP, were synthesised as part of a 
collaboration with Hugo Bronstein’s group at UCL. In the synthetic scheme for TAPP, 
freebase tetra(4-nitrophenyl)porphyrin was initially synthesised via the 
cyclotetramerisation of pyrrole and p-nitrobenzaldehyde [217]. The nitro groups were 
then reduced to amines by adopting a method previously described in the literature 
[218]. Freebase TAPP was metallated with zinc to produce ZnTAPP [219]. Other 
chemicals, benzene-1,4-dicarboxaldehyde (BDA), copper sulphate (CuSO4∙5H2O), 
toluene (anhydrous, 99.8 %), chloroform (anhydrous, > 99%) and 
1,2,4-trichlorobenzene (anhydrous, > 99%), were purchased commercially from 
Sigma-Aldrich and used in the experiments directly without any further purification. 
The substrates, highly-oriented pyrolytic graphite (HOPG) (12 mm × 12 mm, 
grade-ZYB) were purchased from Bruker. The components in the reaction vessel 
(Figure 6.2) including the 15 mL glass tube, PTFE screw cap and CAPFE O-ring seal 
were ordered from ACE Glass Inc. 
 
 
Figure 6.1. (a) Molecular structures of TAPP and BDA. Schiff-base condensation reaction 
between BDA and TAPP for the synthesis of 2D-COFs. (b) Molecular structure of ZnTAPP.  
The glass tube shown in Figure 6.2 was used as a reaction vessel for the fabrication 
(a)                               
(b)                               
TAPP 
ZnTAPP 
BDA 
-H2O 
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of porphyrin 2D-COFs. For the purpose of promoting reversibility of the Schiff-base 
condensation reaction, a small amount of copper(II) sulphate pentahydrate 
(CuSO4∙5H2O) was added in the tube as an equilibrium regulator [64]. One of the 
precursor molecules, TAPP (or ZnTAPP), was deposited from toluene solutions onto a 
freshly cleaved HOPG surface in small quantities (0.1 –1.0 μg). After evaporation of the 
toluene, the HOPG substrate with deposited TAPP (or ZnTAPP) was loaded into the 
reaction vessel. The other reactant, BDA, was placed onto the inside wall of the reaction 
vessel either as solid or by drop deposition from a solution using a volatile solvent such 
as toluene or chloroform. The sealed reaction vessel was then heated slowly to a high 
temperature at 120 °C – 150 °C using a laboratory oven. The sample was kept at the 
elevated temperature for between 2 and 24 hours. At these high temperatures, the BDA 
(melting point: 114 °C – 116 °C) vaporises within the sealed reaction vessel.  
 
  
 
Figure 6.2. The glass tube used as the reaction vessel for the formation of porphyrin 2D-COF at 
the vapor-solid interface. 
As can be seen from Figure 6.3, the BDA molecules present in the vapour phase 
react with the porphyrin molecules on the solid surface forming 2D-COF structures. 
After the glass tube was removed from the oven, its cap was opened immediately. The 
HOPG piece was taken out of the tube promptly to avoid water condensation on the 
surface. The sample was then allowed to cool down naturally prior to characterisation 
experiments.  
BDA deposited in small 
quantities.  
Porphyrins deposited from 
solution to HOPG. 
CuSO4∙5H2O added as an 
equilibrium regulator. 
Reaction vessel sealed and 
heated in oven. 
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Figure 6.3. Schematic diagram showing the growth of highly ordered porphyrin 2D-COFs at the 
interface between the BDA vapour and the HOPG surface with deposited TAPP or ZnTAPP.  
6.2.2 Morphology characterisation 
The molecular scale morphology of the porphyrin 2D-COFs was investigated using 
STM operating under ambient conditions. All STM imaging of the 2D-COF structures 
was carried out using a PicoSPM (Agilent) system operating in constant-current mode 
at ambient conditions. For some of the STM images, a drop of 1-phenyloctane was 
deposited on HOPG to improve the resolution of the STM imaging. Several of the 
high-resolution STM images were drift-corrected by using the lattice parameters of the 
underlying HOPG as a reference.  
The morphology of the drop deposited porphyrin films and resulting 2D-COFs was 
examined at micrometer scales using Multimode8 (Bruker) and Cypher (Asylum 
Research) AFM systems. SCANASYST-AIR AFM cantilevers (Bruker) were used for 
all the AFM images collected on Bruker Multimode 8 AFM in PeakForce Tapping mode. 
These cantilevers were silicon tips on nitride levers with a force constant of 0.4 N/m 
and a resonant frequency of 70 kHz. 
Apart from drift-corrected STM images, all STM and AFM images presented in 
this Chapter have undergone no further imaging processing other than flattening. 
6.2.3 Chemical structure characterisation 
In order to study the chemical changes induced by 2D-COF formation, XPS 
measurements were first performed on HOPG surfaces with unreacted TAPP (or 
TAPP or ZnTAPP 
BDA 
Covalent bond 
Annealing 
 
HOPG 
 
BDA and  
water vapour 
 
Deposited  
porphyrins 
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ZnTAPP) films that had not undergone the 2D-COF growth process. These 
measurements could then be directly compared to XPS measurements taken from 
2D-COF samples in order to study the chemical changes brought about by the covalent 
network formation.  
A Thermo Scientific K-Alpha instrument equipped with a monochromatic Al Kα 
X-ray source (1486.6 eV) was used to perform the XPS characterisation. In order to 
avoid charge accumulation on the surfaces, a low-energy argon-ion gun (< 10 eV) was 
switched on during the acquisition of all XPS scans presented in the project. The TAPP 
2D-COF samples were transferred to UHV following 2D-COF formation. The TAPP 
control samples were loaded into UHV directly without undergoing any heating steps. 
The samples were made as close to to the date of XPS analysis as possible. If any 
waiting between sample fabrication and XPS analysis was required, the samples were 
stored inside a lab desicator to avoid exposure to moisture. For each of the TAPP control 
and 2D-COFs samples, XPS signals were collected over binding energy regions 
associated with the C1s, O1s and N1s core levels. Survey scans were also acquired to 
give an overview of possible photoelectron emission from other species present on the 
surface. Multiple XPS scans were carried out for several different samples for each type 
of sample composition in order to ensure the reproducibility and consistency of the XPS 
peak shapes and binding energies. STM was used to confirm the formation of 2D-COF 
structures before sending samples for XPS scans. After XPS analysis, STM experiments 
on the samples were carried out to confirm that the structures were not destroyed by the 
measuring process. Based on results from a large number of STM and XPS experiments 
on 2D-COFs, it is found that good quality XPS spectra could be obtained only when 
highly ordered 2D-COFs were observed via STM to grow over extended areas on the 
HOPG surface. 
CasaXPS software was utilised to analyse the XPS data. A Shirley background was 
fitted to the area of interest for each XPS spectrum. The XPS peaks identified in the 
spectra were fitted with Gaussian-Lorentzian peak shapes. For all the XPS spectra, the 
binding energy positions of C1s peaks were consistently at 284.7 ± 0.1 eV which is 
often used as a reference when comparing binding energies with values in literature. 
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This also means that direct comparisons of binding energy values between our samples 
without further correction are feasible. Various constraints (position and full width at 
half maximum) were applied to the XPS peaks during the fitting process. Detailed 
information of the starting positions for the constraints will be discussed in the 
experimental results chapter.  
6.3 TAPP COFs 
6.3.1 Morphology studies 
In this section, three aspects on the morphology studies of the formation of the 
2D-COFs will be discussed in detail. They include: the morphological structure of the 
2D-COFs; experimental conditions during the growth of the 2D-COFs; and the 
relationship between the homogeneity of the porphyrin films prepared by drop 
deposition and the quality of the resulting TAPP/BDA 2D-COFs. 
The STM and AFM results of the morphology studies illustrate the optimum 
experimental parameters for the growth of high-quality TAPP/BDA 2D-COFs. These 
conditions include: the temperature to activate the amine-aldehyde reactions; the 
concentration of the molecular components; the purity of porphyrins deposited on 
surfaces and the partial pressure of water released by CuSO4∙5H2O on heating. The 
homogeneity of the porphyrin films formed by drop deposition from solution has been 
demonstrated to be closely related to the quality of the 2D-COFs after the growth 
process.  
Morphological structure of the 2D-COFs 
STM images of TAPP/BDA 2D-COFs grown using TAPP films that were drop 
deposited from toluene solutions display a structure with a p4 symmetry. Figure 6.4 (a) 
and (b) present two STM images of TAPP/BDA 2D-COFs with scan sizes of 150 nm 
and 250 nm, respectively. The highly ordered TAPP 2D-COF structures display domain 
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sizes in excess of 100 nm and almost complete coverage of the HOPG surface. Under 
ambient conditions, other attempts have been made to grow identical surface-supported 
TAPP/BDA 2D-COFs either at solid-liquid interfaces [73] or by depositing both 
reactants onto the substrate [76]. Compared with structures previously reported in 
literature, the domain sizes observed for the TAPP/BDA 2D-COFs presented here that 
have been grown at the vapour-solid interface are larger than 100 nm for the first time.  
The detailed structure of the TAPP 2D-COFs is revealed by the high-resolution 
STM image shown in Figure 6.4 (c). This STM image has undergone drift-correction by 
using the lattice parameters of the underlying HOPG substrate. The cruciform-shaped 
bright features in the image, one of which is highlighted using a white, dashed circle in 
Figure 6.4 (c), correspond to the conjugated porphyrin cores of TAPP. Ten sets of unit 
cell parameters were taken from the dirft-corrected STM image presented in Figure 6.4 
(c). The average of the ten measurements were used as the measured values. The 
associated errors of the measured values were obtained by calculating the standard 
deviations of the ten sets of data. As a result, the unit cell parameters of TAPP/BDA 
2D-COF were determined to be a = b = 2.6 ± 0.2 nm and γ = 89 ± 3°.  
S. Lei et al. have carried out DFT simulations of TAPP/BDA 2D-COF structures 
[76]. In their DFT simulations, a primitive cell with 110 atoms was calculated and the 
the surface was included. The distance between TAPP molecules linked together by 
BDA via Schiff-base condensation reactions was calculated to be 2.6 ± 0.1 nm. This 
DFT calculation acts as a theoretical support for the experimental measurement of 
TAPP/BDA 2D-COFs conducted by M. Kunitake et al. using in situ STM scanning at 
the liquid-solid interface [73]. In comparison, the unit cell values determined for the 
TAPP/BDA 2D-COFs presented here, which were grown at the solid-vapour interface 
are in good agreement with those previously reported. The close match between the 
dimensions of the DFT simulated 2D-COFs and our experimentally measured structures 
is strong evidence supporting the formation of covalent bonds between TAPP and BDA.  
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Figure 6.4. STM images and schematic representation of TAPP/BDA 2D-COFs. (a)-(b) 
Large-scale STM images. Growth conditions: 0.15 g of CuSO4∙5H2O; ~ 1 mg of BDA as solid; 
20 µl of 0.2 mg/ml TAPP in toluene (saturated); 2 hours at 150 ºC. Imaging parametres are both 
Vs = -0.55 V, It = 20 pA. Image sizes: (a) 150 nm (scale bar: 30 nm); (b) 250 nm (scale bar: 50 
nm). (c) Drift-corrected STM image with a porphyrin core marked in a white, dashed circle. 
Imaging parameters: Vs = -0.3 V, It = 5 pA. Image size: 10 nm (scale bar: 2 nm). (d) Schematic 
diagram of the unit cell of TAPP/BDA 2D-COF structures with a p4 symmetry.  
Figure 6.4 (d) shows a schematic diagram of a unit cell of the TAPP/BDA 2D-COF 
in which all imine linkages adopt a trans-conformation. Due to the structural flexibility 
of the aldehyde groups of BDA, the resulting imine linkages can lie either at the same 
side (cis-conformation) or the opposite side (trans-conformation) with respect to the 
(a) (b) 
(c) (d) 
a 
b 
γ 
a 
b 
γ 
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molecular axis between two adjacent porphyrin cores (see Figure 6.5). The 
trans-conformation of imine linkages has been demonstrated to be more energetically 
favourable than the cis-conformation [76]. In real experimental systems, the less stable 
cis-conformation could exist due to kinetic trapping [220]. Direct observations of trans- 
and cis-conformation are achievable from STM images, where the four lobes of a TAPP 
molecule are visible. For the STM images collected in this work, the two conformations 
of the TAPP/BDA 2D-COFs are not discernible directly. Since highly ordered unit cells 
are observed within each domain, the imine linkages could not adopt a mixture of the 
two conformations in each unit cell. Under the condition that the TAPP/BDA 2D-COFs 
exhibit long-range order, the orientation of the covalent imine linkages shown in Figure 
6.4 (d) is proposed.  
    
Figure 6.5. Schematic diagrams of the two possible conformations of the imine linkages 
between TAPP and BDA. (a) Trans-conformation. (b) Cis-conformation.  
Multi-layered structure of the 2D-COFs 
In some areas of the HOPG surfaces covered by TAPP/BDA 2D-COFs, 
multi-layered structures of the covalently bonded porphyrin sheets are observed by 
STM. Figure 6.5 (a)-(d) are four STM images showing the growth of multi-layers or 
bi-layers of TAPP/BDA 2D-COFs on HOPG. The multi-layer 2D-COFs appear as 
brighter sheets in the STM images compared with the mono-layer regions. The 
multi-layer regions are recorded as areas of higher features, because the STM tip moves 
vertically away from the surface to maintain the set-point tunnel current.  
(a)                       (b)           
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Figure 6.6. STM images showing the growth of bi-layer 2D-COFs on HOPG. (a)-(c) Sample 
fabrication parameters: 0.15 g of CuSO4∙5H2O; 0.09 mg of BDA; 10 µl of 0.004 mg/ml TAPP in 
toluene; heating at 150 ºC for 3 hours. All STM images were collected under the condition: Vs = 
-0.85 V, It = 8 pA. Image sizes (a)-(b) 250 nm (scale bars: 50 nm); (c) 95 nm (scale bar: 19 nm). 
(d) Sample preparation conditions: 0.15 g of CuSO4∙5H2O; ~ 1 mg of BDA as solid; 28 µl of 0.2 
mg/ml TAPP in toluene (saturated); 2 hours at 150 ºC. STM scanning parameters: Vs = -0.6 V, It 
= 10 pA. Image size: 150 nm (scale bar: 30 nm). 
The highly ordered multi-layered or bi-layered structures can grow across HOPG 
step edges, as indicated by the white arrows in Figure 6.6 (b). The domain sizes of 
upper layers in the multi-layered structures can be in excess of 100 nm.  
In some zoomed-in STM images, Figure 6.6 (d) for example, the porphyrin sheets 
(a) (b) 
(c) (d) 
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in upper layers are observed to be commensurate with the 2D-COF layers underneath. 
As illustrated in Figure 6.7, the porphyrin cores in upper layers are sitting directly above 
those in layers below. The revelation of accurate structures of multi-layer TAPP 
2D-COFs has significant implications for the application of 2D-COFs as templates for 
guest adsorption and as components in electronic devices. The varying depth of pores in 
multi-layered TAPP/BDA 2D-COFs would change the adsorption energy of guest 
molecules on the surface. The electronic structure of the bi-layer 2D-COFs may also be 
different from that of the mono-layer due to inter-layer coupling interactions,   
   
Figure 6.7. Schematic illustrations of the multi-layer growth of TAPP/BDA 2D-COFs on a 
HOPG surface. (a) Top view. (b) 3D view.   
Figure 6.8 shows an example line profile taken across the edge of a bi-layer 
structure to determine the apparent thickness of mono-layer and bi-layer TAPP/BDA 
2D-COFs in STM images. For the mono-layers or bi-layers, repeated measurements 
were taken from 6 different line profiles from 3 different STM images (two line profiles 
in each image). In each of the line profiles, 3 - 5 height values for porphyrin cores were 
acquired. An average of the height values was taken as the result of the individual line 
profile. Using this analysis method, 6 measured heights were collected for the bi-layers 
or mono-layers. The final measured height of the bi-layers or mono-layers was the 
average value calculated from the 6 measurements. The error associated with the 
(c) 
HOPG 
 
COF layer underneath 
 
Upper COF layer 
 
Porphyrin core 
 
(a)                   (b) 
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measured height was the standard deviations of the 6 measurements. Consequently, the 
apparent height of single-layer TAPP/BDA 2D-COFs was measured to be 0.7 ± 0.2 nm. 
The apparent height of bilayer TAPP/BDA 2D-COFs was determined to be 1.0 ± 0.4 
nm.  
 
 
 
Figure 6.8. High-resolution STM image and its height profile (solid, blue line) that demonstrate 
the formation of bi-layers on the 2D-COFs. (a) An STM image showing the growth of bi-layers. 
Sample preparation conditions: 0.15 g of CuSO4∙5H2O; 0.09 mg of BDA; 10 µl of 0.004 mg/ml 
TAPP in toluene; 3 hours at 150 ºC. STM scanning parameters are Vs = -0.85 V, It = 8 pA. Image 
size is 65 nm (scale bar: 13 nm). (b) Line profile taken through the edge of the bi-layer 
TAPP/BDA COF structure (corresponding to the green, dashed line in (a)).  
(b) 
(a) 
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Growth conditions 
In this section, three growth factors that have a substantial influence on the 
morphology of the porphyrin 2D-COFs will be discussed. These factors include the 
amount of CuSO4·5H2O added to regulate the equilibrium of the Schiff-base 
condensation reaction and the concentration and purity of TAPP/toluene solutions drop 
deposited onto the HOPG surface. 
CuSO4·5H2O was added to the glass reaction vessel (Figure 6.2) as an equilibrium 
regulator. When heated, CuSO4·5H2O undergoes a dehydration process releasing water 
[221]. An increase in the number of water molecules in the vapour above the HOPG 
surface shifts the equilibrium of the Schiff-base condensation reaction towards the 
reactants. This increase in the reversibility of the Schiff-base condensation reaction 
helps to eliminate defects in the growing 2D-COFs and leads to the formation of highly 
ordered structures. The amount of CuSO4·5H2O has been found to have an effect on the 
morphology of resulting TAPP/BDA 2D-COF structures. 
 Figure 6.9 (a) - (c) presents three typical STM images of the porphyrin 2D-COFs 
synthesised with different amounts of CuSO4·5H2O. When all other growth conditions 
were identical, 0.1 g, 0.15 g, 0.25g of CuSO4·5H2O were added into three 15 ml 
pressure tubes, respectively. Even though the amount of CuSO4·5H2O was varied over a 
relatively small range, the morphology and degree of order of the TAPP 2D-COFs 
changed significantly.  
With 0.15 g of CuSO4·5H2O, good-quality TAPP/BDA 2D-COFs were formed 
with few unreacted TAPP molecules trapped between domain boundaries (see Figure 
6.9 (b)).  
On increasing the amount of CuSO4·5H2O to 0.25 g, the coverage and domain 
sizes of the TAPP 2D-COFs decreases drastically (Figure 6.9 (c)). As all other 
fabrication conditions are identical to the cases of 0.1 g and 0.15 g of CuSO4·5H2O, the 
change in morphology is likely to be caused by the excessive amount of water released 
by the CuSO4·5H2O. The increase in water pressure at the vapour-solid interface drives 
the equilibrium of the Schiff-base condensation reactions towards the unreacted 
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components hindering the synthesis of highly ordered TAPP/BDA 2D-COF structures.  
   
 
Figure 6.9. STM images of freebase TAPP COF structures fabricated with various amounts of 
copper sulphate. (a) 0.1 g of CuSO4·5H2O. Scale bar: 30 nm. (b) 0.15 g of CuSO4·5H2O. Scale 
bar: 20 nm. (c) 0.25 g of CuSO4·5H2O. Scale bar: 30 nm. Scanning conditions: (a) Vs = -0.6 V; 
It = 0.013 nA. (b) Vs = -0.6 V; It = 0.015 nA. (c) Vs = -0.85 V; It = 0.01 nA. 
When decreasing the amount of CuSO4·5H2O from 0.15 g to 0.1 g, a significant 
change in the structural order of the porphyrin 2D-COFs occurs. As can be seen in 
Figure 6.9 (a), a large amount of disordered structure between domain boundaries is 
observed appearing as higher features on the surface. These disordered regions are 
(a) (b) 
(c) 
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likely to be unreacted or partially reacted TAPP molecules kinetically trapped between 
domains during the formation of the TAPP 2D-COFs. In contrast to the case of 0.25 g of 
CuSO4·5H2O, the stacking of porphyrin molecules between domain boundaries 
demonstrates an insufficient reversibility of the Schiff-base reaction under the condition 
of 0.1 g of CuSO4·5H2O. This lack of reversibility prevents defect removal from the 
growing 2D-COF. Another difference between the morphology of the 2D-COFs 
synthesised using 0.1 g and 0.25 g of CuSO4·5H2O exists at the edges of the 2D-COFs. 
The results of adding 0.1 g of CuSO4·5H2O show less obstacle to the imine growth as 
no disordered structure was observed at the edges between the 2D-COFs and bare 
HOPG.  
From the various different quantities of CuSO4·5H2O tested, the water vapour 
pressure released by heating 0.15 g of CuSO4·5H2O at 120 °C - 150 °C (the most 
commonly used temperature ranges in this project) has proven to be the optimal 
condition for the 15 mL glass reaction vessel in terms of the quality of resulting 
TAPP/BDA 2D-COFs. 
Careful control over the concentration of TAPP/toluene solutions is required to 
grow good-quality mono-layer TAPP/BDA 2D-COFs on HOPG. Deposition of highly 
concentrated TAPP/toluene solutions is more likely to lead to the growth of multi-layer 
TAPP/BDA 2D-COFs as presented previously. When lowering the concentration of 
TAPP/toluene solutions deposited on HOPG, mono-layer porphyrin 2D-COFs can form 
on HOPG with large domain sizes in excess of 100 nm over extended areas. In Figure 
6.10, two STM images (Figure 6.10 (a) and (b)) are presented as experimental evidence 
for the growth of mono-layer TAPP/BDA 2D-COFs when depositing TAPP molecules 
from diluted toluene solutions. The average size of the ordered TAPP 2D-COF was 
calculated by quantitative analysis. Fifteen ordered domains of the 2D-COF were 
selected from three STM images scanned on the surfaces presented in Figure 6.10. The 
area of each of the domains was measured directly from the STM image. The square 
root of the domain area was then taken to represent the size of the domain. The average 
value and standard deviation of the fifteen measurements were calculated. Consequently, 
the average domain size of the TAPP 2D-COF was determined to be 70 ± 35 nm. In the 
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range of 3 - 15 hours, the length of time that the samples are annealed showed no 
measurable impact on the domain size or quality of TAPP/BDA 2D-COFs. 
  
Figure 6.10. STM images that show the formation of single-layer TAPP/BDA 2D-COFs by 
depositing TAPP from a toluene solution on HOPG. (a) 2D-COFs synthesis conditions: 0.15 g 
of CuSO4∙5H2O; 0.05 mg of BDA; 5 µL of 0.0065 mg/ml TAPP in toluene; 14 hours at 120 ºC. 
STM scanning parameters: Vs = -0.85 V, It = 3 pA. Image size: 300 nm (scale bar: 60 nm). (b) 
2D-COFs fabrication conditions: 0.15 g of CuSO4∙5H2O; 0.05 mg of BDA; 5 µl of 0.002 mg/ml 
TAPP in toluene; 3 hours at 120 ºC. STM scanning conditions:Vs = -0.85 V, It = 10 pA. Image 
size: 200 nm (scale bar: 40 nm). 
In order to maintain the reproducibility and quality of TAPP/BDA 2D-COF growth, 
the presence of any contamination on the HOPG surfaces should be minimised at all 
times. Possible sources of contamination include: the raw materials provided by our 
collaborators in synthetic chemistry; the volatile organic solvents used to dissolve 
precursors deposited on HOPG; and the experimental tools employed to make up and 
deposit the solutions. In addition to their influence on the structural quality of 2D-COFs 
as observed via STM, the presence of contamination can be detected using 
complementary methods. For example, XPS and NMR are both commonly used to 
identify contaminants in raw materials.  
The introduction of contamination to the HOPG surface can lead to the formation 
of poor quality 2D-COF structures or even prevent 2D-COF formation altogether. The 
(a) (b) 
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reason for this is probably that the contamination prevents the facile diffusion of the 
TAPP molecules across the surface and thereby prevents the 2D-COF layer from 
forming.  
 
 
Figure 6.11. (a) STM image of the network formed fo by contaminants following 2D-COFs 
growth. STM scanning parameters: Vs = -0.85 V, It = 10 pA. Image size: 95 nm (scale bar: 19 
nm). (b) Enlarged STM image of the contamination with line profiles taken through the periodic 
1D network (blue and red dashed lines). Imaging parameters: Vs = -0.65 V, It = 10 pA. Image 
size: 19.6 nm (scale bar: 3.9 nm). (c) Height profile corresponding to the blue dashed line in (b) 
(d) Height profile corresponding to the red dashed line in (b)..  
Figure 6.11 (a) shows a striped feature imaged by STM that was commonly 
observed for a contaminated HOPG surface. In Figure 6.11 (b), a line profile marked in 
(a) 
(b) (c) 
(d) 
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blue is taken through the periodic 1D bright features. Based on five measurements on 
this image, the distance between two adjacent bright 1D linear rows was measured to be 
5.3 ± 0.1 nm (Figure 6.11 (c)). The associated error was obtained by calculating the 
standard deviation of the five measurements.  
In addition to measuring the spacing between the bright rows, the much smaller 
spacing between the rows at right angles to these was measured as illustrated by the line 
profile marked in red in Figure 6.11 (b). Using the same data acquisiton and processing 
method, the distance between two adjacent dark rows was determined to be 0.6 ± 0.1 
nm (Figure 6.11 (d)).  
If the linear structure in Figure 6.11 (a) and (b) was seen to cover the HOPG 
surface, the coverage of the porphyrin 2D-COFs was extremely low. In this case, 
ordered TAPP/BDA 2D-COF structures were hardly ever imaged during STM scans. 
The formation of this linear network appears to prevent the growth of the 2D-COF by 
occupying the surface, and preventing the TAPP molecules from diffusing.  
  
Figure 6.12. XPS spectrum showing Si contamination in the unreacted TAPP control sample.  
In order to identify the contamination, AFM and XPS investigations were 
performed. The chemical composition of the contamination was probed by XPS 
Si2s 
153.3 
Si2p 
102.2 
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characterisation. XPS signals were collected on a dry TAPP film deposited from a 
TAPP/toluene solution (10 μl, 0.07 mg/ml) made using disposable needles. Figure 6.12 
shows a XPS spectrum extracted from a survey scan of the unreacted TAPP control 
sample (C1s peak: 284.7 eV). By referring to literature values, the two binding energy 
peaks at 102.2 eV and 153.3 eV are designated to Si2p and Si2s photoemission lines, 
respectively [222, 223]. Considering all the materials deposited onto the HOPG surface, 
the contamination is most likely to result from polydimethylsiloxane (PDMS) thin 
coatings on disposable needles used to make up TAPP/toluene solutions. Such XPS 
peaks within this binding energy range were no longer detected when disposable 
syringes and hypodermic needles were replaced by glass pipettes in the preparation of 
the TAPP solutions. Meanwhile, the formation of highly ordered TAPP/BDA 2D-COFs 
could be observed consistently via STM imaging.  
 
 
Figure 6.13. (a) Plastic syringes and disposable medical needles previously used to make 
solutions. (b) Molecular structure of PDMS which is commonly coated as a thin film onto the 
surface of disposable hypodermic needles. (C) HyperChem simulation of PDMS on HOPG.  
Figure 6.13 (b) shows the chemical formula of PDMS, which is a linear 
silicon-based polymer with n repeating monomer units (–SiO(CH3)2-)n and terminated 
with trimethylsiloxy units. PDMS, also referred as silicone fluid, has a wide range of 
applications in the pharmaceutical industry such as: lubricants for glass cartridges in 
disposable syringes [224]; coatings on rubber cap components; and foam or gas 
(b) 
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remover for the reconstitution of powder drugs [225]. Most disposable needles for 
medical uses are coated with PDMS thin films outside their stainless steel tubes (Figure 
6.13 (a)). The thin PDMS coatings help to increase lubricity of the needles to ensure a 
smooth motion of liquids during injection [226]. However, PDMS exhibits a poor 
compatibility with the organic solvents used in our project. When in contact with 
toluene or TCB, PDMS swells to a substantial degree, and uncross-linked oligomers 
PDMS are extracted into the solvent [227]. A HyperChem simulation has been carried 
out to calculate the distance between two adjacent PDMS (n = 3) chains (Figure 6.13 
(c)). In this simulation, a fixed graphene sheet was added below the PDMS chains. The 
initial distance between the graphene sheet and the PDMS chains was set as 0.35 nm. 
The MM+ force field was chosen to optimise the geometry of the PDMS chains on the 
graphene sheet. The distance between the two PDMS chains was determined to be 0.4 
nm, which is in agreement with the value measured from the STM image in Figure 6.11 
(b).  
 
Figure 6.14. (a) AFM scan of an unreacted TAPP control sample. The deposited TAPP/toluene 
solution was made using disposable needles ( 0 μl, 0.0065 mg/ml). Image size: 7 µm. Scale bar: 
1.4 µm. (b) AFM image of TAPP/BDA 2D-COFs grown using a template in (a). Image size: 5 
µm. Scale bar: 1 µm. (c) AFM image showing contamination-induced nanobubble-like objects 
at the water-HOPG interface [228].  
In addition to XPS analysis, AFM analysis of the contaminated samples display 
features that are consistent with previously reported PDMS contaminated samples [228]. 
Figure 6.14 is a comparison between AFM images collected on unreacted TAPP films 
(Figure 6.14 (a)) and TAPP/BDA 2D-COFs (Figure 6.14 (b)) and an exemple AFM 
(a) (c) (b) 
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image reported in literature of a PDMS contaminated HOPG sample (Figure 6.14 (c)). 
The presence of PDMS as a source of contamination has been raised as an issue by 
scientists working in the surface nanobubble community [228]. Figure 6.14 (c) is an 
AFM image taken at the interface between HOPG and degassed water. The bright 
nanobubble-like objects remained unchanged under the degassing environment 
suggesting they cannot be attributed to real gaseous cavities adsorbing on the HOPG 
surface. Based on further investigations on all the materials used in their experiments, 
R.P. Berkelaar et al. pointed out that the nanobubble-like features were actually caused 
by PDMS contamination. The PDMS was introduced to the water when using 
disposable syringe needles to drop cast solutions onto graphite surfaces. According to 
this finding, it is highly likely the bright bubble-like features observed in Figure 6.14 (a) 
and (b) also consist of PDMS contamination from the similar disposable needles that 
were initially used in our experimental procedure.  
All the findings above indicate that any possible contamination sources should be 
carefully controlled throughout the 2D-COF sample preparation process. If possible, 
contamination should also be removed from the raw materiasl before the growth stage 
in 2D-COF fabrication. Following identification of PDMS as a contamination source, 
only glass volumetric flasks and glass pipettes were used in further experiments on 
2D-COFs growth.  
Homogeneity of porphyrin films prior to 2D-COF growth 
The homogeneity of porphyrin films deposited by drop casting has been found to 
be closely related to the morphology of the resulting 2D-COFs. This relationship was 
investigated in detail using Multimode8 AFM operating in PeakForce Tapping mode. 
The morphology of HOPG surfaces after drop deposition of 10 µl of TAPP/toluene 
solutions with a range of concentrations were imaged at a micrometer scale. 
Subsequently, AFM imaging was performed on TAPP/BDA 2D-COFs grown using 
these TAPP control samples as templates. The growth of highly ordered TAPP/BDA 
2D-COF structures on HOPG surfaces was confirmed using STM followed by AFM 
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characterisations. AFM images were collected from samples made using TAPP in 
toluene solutions at three concentrations: 0.065 mg/ml, 0.016 mg/ml. and 0.008 mg/ml.  
   
   
Figure 6.15. (a) AFM image of the HOPG surface with unreacted TAPP film made by drop 
deposition of 10 µl of a 0.065 mg/ml toluene solution. (b) AFM image of the HOPG surface 
with TAPP/BDA 2D-COF grown using the TAPP template shown in (a). Line profiles are taken 
from (a) and (b) respectively to illustrate the height of 3D islands. Sample preparation 
conditions: 0.15 g of CuSO4∙5H2O; 0.06 mg of BDA; 10 µl of 0.065 mg/ml TAPP in toluene; 15 
hours at 130 ºC. Size of both images are 10 µm with 2 µm scale bars.  
When TAPP molecules are deposited from 10 µl of a 0.065 mg/ml toluene solution, 
the morphology of porphyrin films formed on HOPG after toluene evaporation is 
(a) 
(b) 
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illustrated in Figure 6.15 (a). TAPP molecules exist as 3D aggregates forming an 
inhomogeneous film on the surface. As can be seen from Figure 6.15 (a), the 
distribution of the TAPP aggregates is driven by the presence of step edges of the 
HOPG surface. Step edges provide natural nucleation points for the aggregation of 
TAPP molecules during the drying of the TAPP/toluene film. Twenty measurements on 
the heights of the 3D aggregates were carried out from the AFM image in Figure 6.15 
(a). The average and standard deviation of these measured heights were taken to 
represent the height distribution of the 3D aggregates. Using this data collection and 
analysis method, the height of the 3D TAPP aggregates was determined to be 8.6 ± 3.0 
nm.  
As can be seen from Figure 6.15 (b), the morphology of the TAPP 2D-COFs grown 
from a template shown in Figure 6.15 (a) is also highly inhomogenous. A line profile 
taken through the 3D aggregates in the AFM image shows the height of the bright 
features after the 2D-COF growth process at the elevated temperature. The sample after 
the 2D-COF growth appear to have two distinct heights of features. Some are lower 
features of 4 – 10 nm in height and some are higher features of 30 – 40 nm in height. 
Both of these features could be 3D porphyrin aggregates formed during the annealing 
process. When heated, some TAPP molecules in the 3D aggregates shown in Figure 
6.15 (a) starts to move. If individual TAPP molecules diffuse along the HOPG surface, 
they may form mono-layer 2D-COFs by reacting with BDA in the vapour phase. The 
coalescence of 3D TAPP aggregates diffusing on the surface may result in even larger 
aggregates. In order to increase the degree of chemical conversion for unreacted TAPP 
molecules, attempts have been made to re-anneal the surface with 2D-COFs strcutrues 
in an atmosphere of BDA vapour at 130 ºC for 3h. Even in this case, the higher bright 
features corresponding to the 3D TAPP aggregates were observed again using AFM.       
Decreasing the amount of TAPP intitally deposited on HOPG to 10 µl of a 0.016 
mg/ml TAPP/toluene solution drastically changes the morphology of the unreacted 
porphyrin films. After toluene evaporation the TAPP films consist of more flat areas 
with far fewer 3D aggregates as shown in Figure 6.16 (a). Similar to the situation at the 
higher concentration of 0.065 mg/ml, the 3D aggregates could not be removed 
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completely from the surface by initiating the 2D-COF growth. Figure 6.16 (b) shows 
part of the HOPG surface after performing 2D-COF growth from the template presented 
in Figure 6.16 (a). In this case, a significant aggregation can be observed following 
2D-COF growth. In contrast to the few aggregates present prior to 2D-COF growth, a 
number of 3D aggregates form on the HOPG surface after annealing.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
   
Figure 6.16. Example AFM images of TAPP films on HOPG before and after the Schiff-base 
condensation reaction using 10 µl of a 0.016 mg/ml toluene solution. (a) Unreacted TAPP film 
following solvent evaporation. (b) 2D-COFs and 3D TAPP aggregates after 2D-COF growth. 
Sample preparation conditions: 0.15 g of CuSO4∙5H2O; 0.06 mg of BDA; 10 µl of 0.016 mg/ml 
TAPP in toluene; 15 hours at 130 ºC. Both image sizes: 10 µm; scale bars: 2 µm.  
As the concentration of TAPP dissolved in toluene solutions was further lowered to 
0.008 mg/ml, the morphology of unreacted TAPP films following toluene evaporation 
changes to a more homogeneous morphology with a cellular network structure, as 
shown in Figure 6.17 (a). The homogeneous distribution of TAPP molecules when 
deposited from the low concentration of 0.008 mg/ml toluene solutions can be 
confirmed from the line profile in Figure 6.17 (b). The height of the TAPP films can be 
measured from the AFM image by taking line profiles through the TAPP domains. Five 
line profiles were taken on the AFM image shown in Figure 6.17 (a) to obtain twenty 
height values. The average and standard deviation of these twenty height values were 
(a)  (b) 
Chapter 6. On-surface synthesis and characterisation of mono-layer covalent-organic frameworks 
162 
calculated to represent the height of the TAPP film. As a result, the height of the 
unreacted TAPP film deposited on the HOPG surface was determined to be 0.7 ± 0.1 nm, 
identical to the height of the TAPP 2D-COF measured using STM. Similar cellular 
network-like morphologies have been observed in other systems formed by deposition 
of nano-materials from volatile organic solvents onto solid surfaces, e.g., deposition of 
thiol-passivated colloidal Au nanoparticles from toluene onto Si(111) substrates via spin 
coating [229]. Cellular networks are an out-of-equilibrium structure that forms because 
of rapid solvent evaporation and the subsequent kinetic trapping of the material 
following removal of the solvent [230].  
The morphology of the initial cellular patterns formed by TAPP following rapid 
toluene evaporation plays an important role in determining the morphology of the 
2D-COFs grown using the TAPP films as templates. Figure 6.17 (c) is an AFM image of 
a HOPG surface on which TAPP/BDA 2D-COF structures were grown following the 
formation of unreacted TAPP films presented in Figure 6.17 (a). The majority of the 
HOPG surface is covered by TAPP 2D-COFs which appear as the higher features in the 
AFM image. In Figure 6.17 (d), a zoomed-in AFM image was taken on the surface 
shown in Figure 6.17 (c) to provide more details of the 2D-COF structures. As can be 
seen in Figure 6.17 (e), a line profile taken on this area (marked in a blue, dashed line) 
is shown to illustrate the height of the flat TAPP/BDA 2D-COFs .  
The quality of the TAPP/BDA 2D-COFs shown in Figure 6.17 (c) and (d) was 
evaluated by measuring the heights values and surface area of the 2D-COFs. Nine line 
profiles were taken from the AFM image in Figure 6.17 (d) to acquire twenty height 
values. The average and standard deviation of these twenty height values were 
calculated to represent the height of the 2D-COFs on the HOPG surface and its 
associated error value. Using this data analysis method, the average height of the 
2D-COF films was determined to be 0.4 ± 0.1 nm. Regarding the surface area covered 
by the 2D-COF, a quantitative analysis was carried out on the AFM image in Figure 
6.17 (d). In this AFM image (area: 9 μm2), the total surface areas covered by the 
2D-COF structures were measured to be 7.5 μm2 using the SPIP software. The 
percentage of the surface area covered by the 2D-COF structures reaches approximately 
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83 %.  
   
  
 
Figure 6.17. AFM images of HOPG surfaces with unreacted TAPP films and TAPP 2D-COF 
layers by depositing 10 µl TAPP/toluene solutions with a concentration of 0.008 mg/ml. (a) 
Cellular networks formed by unreacted TAPP following toluene evaporation. (b) Line profile 
through the cellular network in (a) (marked in blue, dashed line). (c) HOPG surface after TAPP 
2D-COF growth. Sample preparation conditions: 0.15 g of CuSO4∙5H2O; 0.06 mg of BDA; 10 
µl of 0.008 mg/ml TAPP in toluene; 15 hours at 130 ºC. (d) Zoomed in AFM image on the 
surface shown in (c). (e) Line profile taken through TAPP 2D-COF networks in (d) (marked in 
blue, dashed line). Scale bars in (a) and (c): 2 µm. Scale bar in (d): 0.8 µm 
(a) 
(c) 
(b) 
(d) 
(e) 
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Ultra-high resolution AFM studies 
The Cypher AFM produced by Asylum Research has a proven ability to produce 
molecular scale resolution of 2D supramolecular structures [141, 231, 232]. This 
technique has been employed to image highly ordered TAPP/BDA 2D-COFs grown on 
HOPG surfaces.  
 
Figure 6.18. (a) Cypher AFM image of TAPP/BDA 2D-COFs grown on HOPG. Image size: 100 
nm. Scale bar: 20 nm. Sample preparation conditions: 0.15 g of CuSO4∙5H2O; 0.06 mg of BDA; 
10 µl of 0.065 mg/ml TAPP in toluene; 3 hours at 130 ºC. (b) Enlarged AFM image of the 
ordered area marked in a white, dashed square area in (a). Image size: 10 nm.  
All AFM imaging on a Cypher AFM system was carried out by scientists from the 
School of Physics and Astronomy at the University of Nottingham. Figure 6.18 - 6.20 
present a series of Cypher AFM images collected on a HOPG surface which was 
covered by TAPP/BDA 2D-COFs. In Figure 6.18 (a), the molecular structure of 
square-shaped porphyrins was resolved by the Cypher AFM. This imaging resolution is 
comparable to that of an ambient STM system. As illustrated in Figure 6.18 (b), the unit 
cell dimensions of TAPP/BDA 2D-COF can be measured from the high-resolution AFM 
(a) 
(b) 
 
a 
b 
γ 
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image. Under the condition of no drift-correction, ten sets of unit cell dimensions were 
collected from the AFM image in Figure 6.18 (a). The average values and standard 
deviations of these ten sets of data were analysed to determine the unit cell dimensions 
of TAPP/BDA 2D-COF. As of result of this data acquisition and analysis, the unit cell 
dimensions of TAPP/BDA 2D-COF were determined to be a = b = 2.6 ± 0.2 nm and γ = 
87 ± 3°. The results obtained in the Cypher AFM measurement are in excellent 
agreement with the values measured from the drift-corrected STM image shown in 
Figure 6.4 (c).   
In Figure 6.19 (a), 3D aggregates and multi-layered growth of the TAPP 2D-COFs 
were both identified. A line profile was taken through one of the 3D aggregates to show 
the height of this 3D aggregate feature (Figure 6.19 (b)). As marked in a red, dashed line 
in Figure 6.19 (a), the height of the multi-layer TAPP 2D-COFs can also be measured 
from the AFM image.  
 
Figure 6.19. (a) Cypher AFM image on a HOPG surface covered with a TAPP/BDA 2D-COF. 
Image size: 1µm. Scale bar: 200 nm. (b) Line profile through the 3D aggregate feature in (a) 
(marked by a blue, dashed line). (c) Line profile thought the multi-layered structure in (a) 
(marked by a red, dashed line).  
(a)                                             (b) 
(c) 
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AFM images with larger scan sizes were taken on the surface to obtain more 
information about the 3D aggregate features and multi-layer TAPP 2D-COF regions. 
Figure 6.20 (a) presents a 5 μm × 5 μm AFM image on the same sample. In order to 
measure the average height of the 3D aggregate features, twenty height values were 
collected from different parts of the image. The average value and standard deviation of 
these twenty measured heights were calculated. As a result, the average height of the 3D 
aggregate features was determined to be 3.5 ± 1.0 nm. Compared with the AFM 
observation in Figure 6.15 (b), this size is smaller than the higher 3D aggregates, but 
similar to the lower features. This difference in morphology may be related to the length 
of annealing time. In the previous case, the sample was annealed at 130 ºC for 15 h, 
instead of 3 h. The long heating times may enhance the coalescence of 3D aggregates.  
The average height and its associated error of the multi-layer regions of 2D-COF  
were obtained by measuring twenty height values from Figure 6.20 (a). By calculating 
the average and standard deviation of the twenty measurements, the height of the 
multi-layer structures was determined to be 0.4 ± 0.1 nm, which is good agreement with 
the height of the mono-layer TAPP 2D-COF measured using the Multimode AFM. From 
Figure 6.20 (a), the percentage surface coverage of the mono- and bi-layer 2D-COF 
regions was measured using the SPIP software. The surface area covered with the 
bi-layer 2D-COF was measured to be 5.4 μm2 in total. Thus, approximately 20 % of the 
HOPG surface was covered with bi-layer 2D-COF.  
From the AFM image shown in Figure 6.20 (a), it can be seen that the bi-layer 
2D-COFs regions (highlighted by red overlays) were grown in areas far away from the 
3D aggregates instead of being focussed around them. This raises questions about the 
structure and composition of the 3D assemblies on the surface. The high coverage of the 
TAPP 2D-COFs on HOPG is further demonstrated by the AFM image in Figure 6.20 (b). 
The imaging ability of Cypher AFM to resolve both individual molecular structures and 
larger scale features of the TAPP 2D-COFs illustrates the possibility to grow porphyrin 
2D-COFs on non-conductive surfaces which are not applicable to STM imaging. A 
range of insulating or semi-conducting substrates, such as boron nitride, can potentially 
be used for supporting 2D-COF growth.  
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Figure 6.20. Cypher AFM images of a HOPG surface covered with TAPP/BDA 2D-COFs. (a) 
Red overlays added to highlight bi-layer regions of 2D-COF. Image size: 5 µm. Scale bar: 1 µm. 
(b) Image size: 10 µm. Scale bar: 2 µm.  
(a) 
(b) 
Bi-layer 
2D-COF 
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Deposition of unreacted TAPP films by spin coating 
The AFM results above demonstrate that the morphology of TAPP 2D-COFs 
depends on the morphology of the drop-cast TAPP films prior to activating the 
Schiff-base condensation reaction. With this in mind, some efforts were made to deposit 
unreacted TAPP onto the HOPG surface by spin coating. To prepare such samples, a 10 
µl droplet of TAPP dissolved in toluene was deposited onto a freshly cleaved 1.2 cm × 
1.2 cm HOPG surface using a glass pipette and spin-coated at 2000 r.p.m. for 1 minute. 
AFM images in Figure 6.21, Figure 6.22 and Figure 6.23 present the morphology of 
porphyrin films produced by spin coating using 10 μl TAPP/toluene solutions at 
concentrations of 0.065 mg/ml, 0.033 mg/ml and 0.016 mg/ml, respectively.  
   
Figure 6.21. PeakForce Tapping mode AFM images of HOPG surfaces spin coated with 10 µl of 
0.065 mg/ml TAPP/toluene solutions. (a) Image size: 10 µm. Scale bar: 2µm. (b) Image size: 2 
µm. Scale bar: 0.4 µm. 
In Figure 6.23 (b), the heights of the 3D bright features can be measured by taking 
line profiles. In order to analyse the height of these features, twenty height values were 
collected from the AFM image in Figure 6.23 (b). The average and standard deviation of 
these twenty measured values were then calculated to determine the average height and 
its assciated error. By adopting this data acquisition and analysis method, the average 
height of the 3D aggregate features was determined to be 0.7 ± 0.2 nm, which is 
(a) (b) 
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comparable to the thickness of the unreacted TAPP films formed via drop deposition of 
10 μl, 0.008 mg/ml of TAPP/toluene solutions onto the HOPG surface (Figure 6.17 (a)). 
   
Figure 6.22. AFM images of HOPG surfaces after the deposition of 10 µl of 0.033 mg/ml 
TAPP/toluene solutions by spin coating. (a) Large-scale AFM scan. Image size: 10 µm. Scale 
bar: 2µm. (b) Enlarged AFM scan. Image size: 1.5 µm. Scale bar: 0.3 µm. 
   
 
 
 
Figure 6.23. AFM images of HOPG surfaces spin coated with 10 µl of 0.016 mg/ml 
TAPP/toluene solutions. (a) Image size: 10 µm. Scale bar: 2 µm. (b) Image size: 5 µm. Scale bar: 
1 µm. With a line profile taken throught the higher features.  
(a) (b) 
(a) (b) 
(c) 
 
 
 
(c) 
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In comparison with the quality of TAPP films obtained by drop deposition, spin 
coating leads to a much more homogeneous distribution of materials across the HOPG 
surface. These AFM studies provide some preliminary results for further research on the 
fabrication of high-quality 2D-COFs by adopting novel experimental methods to 
deposit unreacted TAPP onto solid surfaces.  
6.3.2 Chemical structure of TAPP/BDA 2D-COFs 
In addition to morphology studies via STM and AFM, the chemical structure of the 
bonds formed between TAPP molecules and BDA linkers via Schiff-base condensation 
reactions was investigated using XPS. In comparison with XPS measurements on 
unreacted TAPP films, the chemical changes following covalent bonds formation 
between TAPP and BDA can be revealed.  
Blank HOPG control sample  
 
Figure 6.24. XPS survey scan of the blank HOPG control sample.  
C1s 
O1s 
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In order to investigate the influence of the underlying HOPG surface, XPS spectra 
were collected on a new, freshly cleaved HOPG sample. Figure 6.24 shows the survey 
scan of the blank control HOPG surface. In this XPS spectrum, two distinct peaks can 
be observed in the binding energy regions of C1s and O1s.  
 
Figure 6.25. C1s XPS spectrum of the blank HOPG control sample.  
Figure 6.25 shows a C1s XPS spectrum collected for the blank HOPG control 
sample. Compared with previous XPS studies of HOPG reported in literature [233-235], 
this assymetric C1s spectrum is a standard line shape for the C1s region of a HOPG 
surface. A Gaussian/Lorentzian peak at 284.6 ± 0.1 eV was fitted for the main peak of 
this spectrum. This peak value is in good agreement with the expected binding energy 
for the sp
2
 carbons of HOPG [235]. The associated error value of 0.1 eV was 
determined based on the data acquisiton accuracy of the XPS machine. A broad 
shake-up peak was fitted at 290.7 ± 0.1 eV, the presence of which is due to the π-π* 
transition of the aromatic HOPG surface. The full width at half maximum (FWHM) of 
the fitted C1s peak is 1.0 ± 0.1 eV. 
In contrast to the C1s spectrum, the presence of oxygen species on the cleaved 
Shake-up feature 
290.7 eV 
C1s 
284.6 eV 
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HOPG surface as demonstrated by the O1s spectrum is less straightforward to interpret. 
Despite a large volume of published fitting results, the identification of single oxygen 
peaks from an O1s XPS spectrum is controversial [236]. Figure 6.26 presents the O1s 
spectrum for the blank control HOPG sample. The oxygen peak in the spectrum 
indicates the existence of oxygen species on the HOPG surface. During the cleavage 
process, more step edges are introduced to the HOPG surface [237]. The surface defects 
may act as reaction sites for carbon and O2/H2O in air. The O1s spectrum was 
deconvoluted using a two-component fitting model in literature [238]. The two oxygen 
peaks at 533.9 ± 0.1 eV and 532.3 ± 0.1 eV were assigned to oxygens in –COOH and 
–C=O/C-OH, respectively [239]. 
 
Figure 6.26. O1s XPS spectrum of the blank HOPG control sample. 
Unreacted TAPP control sample 
The unreacted TAPP control sample for the XPS investigations was made by 
depositing 10 µl of a 0.065 mg/ml TAPP/toluene solution onto a freshly cleaved HOPG 
surface. The sample was loaded into the UHV chamber of the XPS machine 
immediately following toluene evaporation.  
O1s 
533.9 eV 
O1s 
532.3 eV 
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Figure 6.27 is a C1s XPS spectrum collected for the unreacted TAPP films 
supported by HOPG underneath. Compared with Figure 6.25, this C1s XPS spectrum is 
also a standard line shape for the C1s region of a HOPG surface. A Gaussian/Lorentzian 
peak at 284.7 ± 0.1 eV was fitted for the main peak of this spectrum (FWHM: 1.0 ± 0.1 
eV). In the XPS data analysis, the the C1s peak position was used as a check to ensure 
the other peak positions were consistent. The C1s peaks on all of the samples obtained 
for XPS measurements always fall at the same position. Due to the abundant existence 
of carbon in the HOPG substrate and TAPP, the C1s peak is not a suitable peak for 
studying the chemical structure of the 2D-COFs.  
 
Figure 6.27. C1s XPS spectrum on unreacted TAPP control sample. A Gaussian/Lorentzian peak 
has been fitted for the spectrum at 284.7 ± 0.1 eV.  
Figure 6.28 (a) shows a comparison between the background-subtracted O1s XPS 
spectra of the unreacted TAPP control and the blank HOPG control sample. Compared 
with the XPS spectrum of the blank HOPG, the O1s XPS spectrum of the TAPP control 
sample exhibited a slight decrease in intensity. Following the deposition of TAPP from 
the toluene solution, most step edges on the HOPG surface were covered with 3D TAPP 
aggregates (Figure 6.15 (a)). The aggregation of unreacted TAPP along step edges 
C1s 
284.7 eV 
Shake-up feature 
290.7 eV 
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would reduce the amount of reactions sites that were in exposure with O2 and H2O in air. 
The decrease in reaction probability for carbon on the HOPG surface and O2/H2O in air 
would arise a decrease in the intensity of O1s signals detected by XPS.  
 
 
Figure 6.28. (a) O1s XPS spectra for unreacted TAPP control and freashly cleaved HOPG 
samples after background subtraction. (b) Survey scan for unreacted TAPP control sample. 
Insert: XPS spectrum in the binding energy range of 170 – 70 eV (highlighted by blue, dashed 
squares).  
C1s 
N1s 
O1s 
(a) 
(b) 
Si2s Si2p 
 
Chapter 6. On-surface synthesis and characterisation of mono-layer covalent-organic frameworks 
175 
The existence of a very small amount of silicon species present on the TAPP 
control sample can be proved from the survey scan in the binding energy range of 70 – 
170 eV [222], as presented in the insert of Figure 6.28 (b). The silicon contamination 
was likely to be caused by previous PDMS contamination left on the surface. Thus, the 
oxygen in PDMS (Binding energy: 532.3 eV [240, 241]) probably had a minor 
contribution to the oxygen signal of unreacted TAPP in Figure 6.28 (a). 
Nitrogen species Chemical formula Binding energy  
in literature (eV) 
Amine on phenyl ring 
 
~ 399.4
[242, 243]
 
Protonated nitrogen inside 
porphyrin core 
 
~ 399.7
[244, 245]
 
Non-protonated nitrogen 
inside porphyrin core 
 
~ 397.7
[244, 245]
 
Satellite peak ---- 401 - 402
[244, 246]
 
Table 6.1. XPS binding energy values of nitrogen species for TAPP according to reports in 
literature. 
N1s XPS spectra were used to study the chemical composition of the unreacted 
TAPP and the chemical nature of the bonds formed between porphyrins via Schiff-base 
condensation reactions. For a TAPP molecule, the chemical structure of which is shown 
in Figure 6.1 (a), there are three distinct nitrogen species: nitrogens in amine groups on 
the outer phenyl rings: protonated nitrogens inside the porphyrin core; and 
non-protonated nitrogens inside the porphyrin core. The binding energy positions for 
these nitrogen species reported in literature are given in Table 6.1. The C1s peak values 
of these reported measurements were used to check the consistency of the measured 
peak positions.  
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In addition to the N1s peaks expected for the unreacted TAPP control sample, an 
additional satellite peak was also observed based on the molecular structure of TAPP. 
This satellite peak is commonly observed in the binding energy range 401 – 402 eV in 
N1s XPS spectra of porphyrins [244, 246]. The satellite feature results from electron 
interactions within the aromatic porphyrin core [247]. 
When performing peak fitting for the N1s peak spectra, the positions of the three 
nitrogen peaks listed in Table 6.2 were restrained to be ± 0.3 eV either side of the 
positions recorded in literature. A wider set of constraints were adopted for the satellite 
peak due to the greater uncertainty associated with the shake-up transition of electrons. 
The starting position of the satellite peak was set to be 402 ± 0.5 eV. The FWHM 
obtained by fitting to the intense C1s carbon peak was 1.0 eV. This value was used as a 
standard for other XPS scans [246]. Therefore, restraints set for the FWHMs of the XPS 
peaks were set to be between 0.8 and 1.2 eV excluding the satellite peak. The restraint 
for the FWHM of the satellite peak was set to be between 1 and 2 eV.  
When fitting peaks to a N1s XPS spectrum, the number of peaks to fit is decided 
according to the number of nitrogen species existing in the molecular system. In the 
case of fitting the N1s spectrum collected from unreacted TAPP films, three peaks are 
expected to be required corresponding to the three nitrogen species as the discussed in 
Table 6.2. Additionally, a broad satellite peak should be added at around 402 eV.  
For most complex XPS spectra with multiple different species there a large number 
of mathematically valid fits that are possible. However, only fits to the data that make 
physical sense given the expected molecular structure of the sample should be 
considered. For the unreacted TAPP control sample, three criteria were used to assess 
the validity of a possible fit to the N1s XPS spectra. Firstly, the percentage of the total 
fit area assigned to the area of the satellite peak should be 5% – 15% [244, 246, 248]. 
Secondly, the combined area of the protonated and non-protonated nitrogens in the 
porphyrin cores should make up half of the remaining fit area once the area of the 
satellite peak has been subtracted. Thirdly, the area of the peak associated with the 
protonated nitrogen in the porphyrin core should be larger than the peak associated with 
the non-protonated nitrogen in the porphyrin core. According to previous XPS studies of 
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porphyrins, the ratio between the areas of these two nitrogen species should be between 
1.2 and 1.5 [244, 249]. The difference in areas is related to the higher electronegativity 
of the protonated nitrogen compared with the non-protonated nitrogen.  
Figure 6.29 shows the N1s XPS spectrum collected for the unreacted TAPP control 
sample. This N1s spectrum is an average taken from two identical N1s scans acquired 
for the TAPP control sample. Based on the fitting criteria described above, a satellite 
peak (marked in green) and three nitrogen peaks were fitted for the N1s XPS spectrum 
using Gaussian-Lorentzian functions.  
 
Figure 6.29. N1s XPS spectrum for unreacted TAPP on HOPG substrate. The black curve 
represents the raw data collected in the XPS experiments. The four peaks in green, pink, blue 
and red (from left to right) are the nitrogen peaks with Gaussian-Lorentzian line-shapes which 
were fitted into the raw data based on the fitting criteria set for the TAPP control sample.  
The binding energy positions associated with these nitrogen peaks are summarised 
in Table 6.3. The percentage contributions of the peak areas corresponding to the three 
nitrogen species of TAPP were calculated under the condition that the contribution of 
the satellite peak was first removed from the total area of the fitted peaks. The peak 
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areas of amine nitrogen is 47.2 %, which is nearly half of the total amount of nitrogen 
species. The peak separation of the protonated and non-protonated nitrogens is 2.2 ± 0.1 
eV, which is in good agreement with the previously published values listed in Table 6.2. 
The percentage peak areas for the protonated and non-protonated nitrogens in the 
porphyrin cores are 29 % and 23.8 %, respectively. By comparing this data with that 
collected from N1s XPS spectra of the TAPP/BDA 2D-COFs, more information about 
the formation of covalent bonds between TAPP and BDA can be acquired.  
Peaks in 
XPS 
spectrum  
Nitrogen species Chemical 
formula 
Binding energy  
in experiment  
(± 0.1 eV) 
Percentage 
of total fit 
area 
 Amine on phenyl 
ring  
399.4 47.2 % 
 Protonated nitrogen 
inside porphyrin 
core  
400.0 29.0 % 
 Non-protonated 
nitrogen inside 
porphyrin core  
397.8 23.8 % 
 Satellite peak ---- 401.6 ---- 
Table 6.2. Experimentally measured binding energy values for the four nitrogen peaks in the 
peak fitting of the N1s spectrum of the TAPP control sample shown in Figure 6.29. Percentage 
contributions to the total fit area for the peaks associated with the three nitrogen species present 
in unreacted TAPP are also given. The area of the satellite peak has been removed from the total 
fit area prior to calculating the percentage contributions of the other nitrogen species.  
TAPP/BDA 2D-COFs sample 
The TAPP/BDA 2D-COFs sample was prepared by adopting the synthetic method 
introduced in section 6.2.1. The 2D-COF sample was grown from an unreacted TAPP 
sample formed by drop depositing 10 µl of TAPP/toluene solution with a concentration 
Chapter 6. On-surface synthesis and characterisation of mono-layer covalent-organic frameworks 
179 
of 0.065 mg/ml only onto a freshly cleaved HOPG substrate. 
Using the CasaXPS software package, Gaussian-Lorentzian line-shape peaks were 
used to model all the XPS spectra recorded on the TAPP/BDA 2D-COF sample. Figure 
6.30 shows the C1s XPS spectrum which has been fitted with one peak at 284.7 ± 0.1 
eV. This is consistent with the C1s binding energy from the TAPP control sample. Thus, 
no further correction is needed when comparing N1s binding energies between the 
TAPP control sample and the TAPP/BDA 2D-COFs.  
 
Figure 6.30. C1s XPS spectrum on TAPP/BDA 2D-COFs. 
Similar to the XPS data recorded for the unreacted TAPP control sample, a strong 
O1s signal was detected as can be seen in Figure 6.31 (a). In comparison to the O1s 
XPS spectrum acquired for the TAPP control sample, the O1s signal for the TAPP 
2D-COF sample exhibits an increase in intensity and higher binding energy components. 
The increase in the O1s signals could result from the enhanced reactivity of the HOPG 
surface in the reaction vessel at the elevated temperatures used for 2D-COF growth.  
The increased O1s signal could also be related to the adsorption of BDA on the HOPG 
surface. A number of unknown oxygen components, in particular water and excess BDA, 
Shake-up feature 
290.7 eV 
C1s 
284.7 eV 
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may exist in the system rendering the O1s XPS peak fitting ambiguous [236]. From the 
survey scan shown in Figure 6.31 (b), the TAPP/BDA 2D-COFs system was free from 
silicon contamination  
 
 
Figure 6.31. (a) O1s XPS spectra for TAPP 2D-COF and unreacted TAPP control samples 
following background subtraction. (b) Survey scan for TAPP 2D-COF sample. Insert: XPS 
spectrum in the binding energy range of 170 – 70 eV (highlighted by blue, dashed squares). . 
(a) 
 
C1s 
 
O1s 
 
N1s 
 
(b) 
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When fitting the N1s spectrum for the TAPP/BDA 2D-COF sample, the criteria 
associated with the nitrogen species in the porphyrin core that were set for the TAPP 
control sample remain unchanged. A proportion of the amine groups on the phenyl rings 
will be involved in the Schiff-base condensation reaction between TAPP and BDA. 
Thus, the precentage contribution related to the peak areas of the amine groups is 
expected to decrease following the formation of TAPP/BDA 2D-COFs. The restraints 
set for the starting positions and FWHMs of the 2D-COFs sample were the same as 
those for the unreacted TAPP. New peaks are expected to occur due to the covalent 
reaction. At least one of these peaks is likely to be associated with imine nitrogens 
formed by the standard Schiff-base condensation reaction between TAPP and BDA. The 
N1s binding energy of imine groups is observed from literacture to be around 398.5 eV 
[243, 250].  
 
Figure 6.32. N1s XPS spectrum for TAPP/BDA 2D-COFs on HOPG. The black curve 
represents the raw data collected in the XPS experiments. Six peaks with Gaussian-Lorentzian 
shapes were used to model the XPS spectrum including one satallite peak and five N1s peaks.  
Figure 6.32 is the N1s XPS spectrum of the TAPP 2D-COFs sample with peaks 
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modelled using Gaussian-Lorentzian functions. This N1s spectrum is an average taken 
from two N1s scans acquired at different locations on the TAPP/BDA 2D-COF sample. 
Compared with the N1s spectrum collected for the TAPP control sample (see Figure 
6.29), two new peaks associated with the Schiff-base condensation reaction are present: 
one at 398.8 ± 0.1 eV; and the other one at 400.7 ± 0.1 eV. The peak at 398.8 eV is 
associated with the formation of imine links (Figure 6.33 (a)) via a complete 
condensation reaction between the amine groups of TAPP and the aldehyde groups of 
BDA. The peak at 400.7 eV is consistent with the binding energy recorded for similar 
hemiaminal links as reported by Di Giovannantonio et al. [243]. In their recent XPS 
study, the hemiaminal state was identified in a 1D-COF structure formed via a 
Schiff-base condensation reaction at the liquid-solid interface. As illustrated in Figure 
6.33 (b), the hemiaminal structure is a recognised intermediate state in the Schiff-base 
condensation reaction. Apart from the observed formation on a solid surface [243], 
intermediate states existing in Schiff-base condensation reactions have only been 
detected in solution using other experimental techniques, such as Raman Spectroscopy 
[251], mass spectroscopy [252] and nuclear magnetic resonance [253]. 
 
Figure 6.33. Schematic diagrams of the covalent bonds formed between TAPP and BDA via the 
Schiff-base condensation reactions. (a) Imine links. (b) Hemiaminal links. 
The results of peak fitting for the N1s XPS spectrum of the TAPP 2D-COFs is 
summarised in Table 6.3. Apart from the contribution from the satellite peak, the 
percentage that the unreacted amine groups make up in the total nitrogen species is 
18.6 %. This means there still exists a large number of unreacted amine groups present 
at the surface after the TAPP/BDA 2D-COF growth. This is despite there being a large 
excess of BDA loaded into the glass reaction vessel. While there is a lack of direct 
experimental proof, one possibility is that these unreacted amines exist within the 3D 
(a)                                   (b) 
Chapter 6. On-surface synthesis and characterisation of mono-layer covalent-organic frameworks 
183 
aggregates imaged by AFM on HOPG, as shown in Figure 6.15 (b). As TAPP molecules 
tend to stack into 3D structures, the vapourised BDA molecules may not be able to 
reach the amine groups inside the 3D aggregates, preventing the condensation reaction 
from occuring.   
Peaks in 
XPS 
spectrum 
Nitrogen species Chemical formula Binding energy  
in experiment  
(± 0.1 eV) 
Percentage 
of total fit 
area 
 Amine on phenyl 
ring  
399.5 18.6 % 
 Protonated 
nitrogen inside 
porphyrin core  
400.0 30 % 
 Non-protonated 
nitrogen inside 
porphyrin core   
397.8 19.4 % 
 Nitrogen in 
imine links 
 
398.8 18.6 % 
 Nitrogen in 
hemiaminal links 
 
400.7 13.4 % 
 Satellite peak ---- 401.9 ---- 
Table 6.3. Summary of the binding energy values measured by XPS experiments corresponding 
to the chemical states of different nitrogen species in the TAPP/BDA 2D-COFs. Percentage 
contributions of the five N1s peaks to the total fit area. These percentage contributions were 
calculated after the area of the satellite peak had been removed from the total fit area.  
The percentages of imine and hemiaminal groups in the linkages between TAPP 
and BDA are 18.6 % and 13.4 %, respectively. The high proportion of hemiaminal 
groups is likely to be related to the presence of significant amount of water vapour 
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during the 2D-COFs growth. The presence of water in the reaction vessel is favourable 
to the formation of hemiaminal groups in terms of the equilibrium position of the 
condensation reaction. In the experimental method used, the cap of the reaction vessel 
was opened and the sample removed immediately after taking the vessel out of the oven. 
My belief is that this rapid quenching of the sample led to the chemical composition of 
the 2D-COF being fixed at the composition that was present during the growth process. 
Some variation in the percentage contribution of the hemiaminal composition was 
observed for TAPP/BDA 2D-COF samples prepared using exactly the same growth 
parameters. Thus, the ratio of imine to hemiaminal in the resulting 2D-COFs was not 
exactly consistent between different samples grown using the same conditions. This 
demonstrates that the chemical structure of the covalent links in the 2D-COFs depends 
very delicately on the growth conditions.  
The influence that the amount of CuSO4·5H2O added to the reaction vessels has on 
the chemical composition of the TAPP 2D-COFs was investigated. Five samples were 
parepared using the standard synthetic parameters (10 μl of 0.06 mg/ml TAPP/toluene 
solution, 0.064 mg of BDA, and heating at 130 ºC for 15 hours) but with varying 
amounts of CuSO4·5H2O (0.00 g, 0.05 g, 0.10 g, 0.15 g, and 0.20 g). Figures 6.34 - 6.38 
present the N1s XPS spectra collected for these five TAPP 2D-COF samples. The N1s 
spectra were all fitted using the six-component model introduced for the N1s spectrum 
shown in Figure 6.32. The percentage contributions of the five nitrogen species existing 
in the TAPP 2D-COFs are summarised in Table 6.4.  
As can be seen from Table 6.4, the percentage contributions from the protonated 
and non-protonated nitrogen species inside the porphyrin cores show no significant 
change across the five samples. Given that these nitrogen species play no role in the 
Schiff-base condensation reaction this is as expected. However, a drastic increase in the 
ratio of imine (36 %) to hemiaminal (3 %) is observed when no CuSO4·5H2O was 
added during the 2D-COF growth. With the inclusion of CuSO4·5H2O (0.05 to 0.20 g), 
the percentage contributions from the imine nitrogen species decreased to between 12 % 
- 25 %. The corresponding contributions from the hemiaminal nitrogen species 
increased to between 15 % - 18 %. These results indicate that the water molecules 
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released by the CuSO4·5H2O has a significant influence on the chemical composition of 
the resulting 2D-COF. The presence of water during 2D-COF growth biases the 
equilibrium position of the Schiff-base condensation reaction towards the formation of 
hemiaminal groups.  
 
Figure 6.34. N1s XPS spectrum for TAPP/BDA 2D-COFs on HOPG. CuSO4·5H2O: 0.00 g.  
The chemical nature of the links formed between molecular components plays a 
crucial role in determining the electronic properties of 2D-COF materials. To interpret 
the precise composition of the links, more complementary techniques are needed to 
probe both the chemical structure and the morphology of 2D-COFs. In the future, more 
efforts will be focussed on coverting hemiaminal links to imine links by adjusting 
growth conditions, particularly by the presence of water. Other more advanced 
spectroscopic methods are required to provide more evidence for the existence of 
hemiaminal groups, and hopefully to confirm the location of the hemiaminal groups 
within the 2D-COF layers. 
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Figure 6.35. N1s XPS spectrum for TAPP/BDA 2D-COFs on HOPG. CuSO4·5H2O: 0.05 g. 
 
 
Figure 6.36. N1s XPS spectrum for TAPP/BDA 2D-COFs on HOPG. CuSO4·5H2O: 0.10 g. 
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Figure 6.37. N1s XPS spectrum for TAPP/BDA 2D-COFs on HOPG. CuSO4·5H2O: 0.15 g. 
  
Figure 6.38. N1s XPS spectrum for TAPP/BDA 2D-COFs on HOPG. CuSO4·5H2O: 0.20 g. 
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Peaks in 
XPS 
spectrum 
Nitrogen species Amount of CuSO4·5H2O 
0.00 g 0.05 g 0.10 g 0.15 g 0.20 g 
 Amine on 
phenyl ring 
12 % 13 % 21 % 9 % 15 % 
 Protonated 
nitrogen inside 
porphyrin core 
28 % 27 % 28 % 30 % 27 % 
 Non-protonated 
nitrogen inside 
porphyrin core  
22 % 20 % 23 % 19 % 22 % 
 Nitrogen in 
imine links 
36 % 25 % 12 % 24 % 21 % 
 Nitrogen in 
hemiaminal 
links 
3 % 15 % 16 % 18 % 15 % 
Table 6.4. Summary of the percentage contributions to the total fit area from the five nitrogen 
species present in the TAPP 2D-COF samples grown with different amounts of CuSO4·5H2O. 
For each of the samples, the area of the corresponding satellite peak has been removed from the 
total fitted area prior to calculating the percentage contributions.  
6.4 ZnTAPP COFs 
In this section, experimental results on the formation of 2D-COFs via Schiff-base 
condensation reactions between BDA and a metal-containing tetra-amine-porphyrin, 
5,10,15,20-tetrakis-(4-aminophenyl)porphyrin-Zinc(II) (ZnTAPP) (Figure 6.1), are 
discussed. Both STM and AFM were employed to study the morphology of 
ZnTAPP/BDA 2D-COFs. The chemical nature of the covalent bonds formed beween 
ZnTAPP and BDA were studied using XPS.  
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6.4.1 Morphology studies of ZnTAPP/BDA 2D-COFs 
STM studies 
Ordered ZnTAPP/BDA 2D-COF structures can be formed on HOPG by depositing 
ZnTAPP from either toluene or 1,2,4-trichlorobenzene (TCB) solutions.  
 
Figure 6.39. STM image of ZnTAPP/BDA 2D-COFs grown by depositing ZnTAPP from TCB. 
Sample fabrication conditions: 0.15 g of CuSO4∙5H2O; ~ 1 mg of BDA as solid; 20 µl of 0.1 
mg/ml ZnTAPP in TCB; heating at 150 ºC for 2 hours. STM scanning parameters: Vs = -0.55 V, 
It = 12 pA. Prior to STM imaging a drop of 1-phenyloctane was deposited on the surface to 
improve imaging resolution. Image size: 150 nm. Scale bar: 30 nm.  
Figure 6.39 is an STM image showing the growth of the ZnTAPP 2D-COFs. The 
ZnTAPP molecules were dissolved in TCB and then deposited onto a freshly cleaved 
HOPG surface and the TCB allowed to evaporate. The HOPG substrate covered with an 
unreacted ZnTAPP film was then loaded into a reaction vessel. Quantitative analysis 
was carried out for this STM image using the same method adopted for the STM image 
shown in Figure 6.10. Surface coverages were measured from four STM images 
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collected at different locations of the ZnTAPP/BDA 2D-COF sample. By taking the 
average and standard deviation of the results from these four measurements, the average 
surface coverage of the ZnTAPP/BDA 2D-COF on the HOPG surface was determined 
to be 83 % ± 4 %. To measure the average domain size of the ZnTAPP 2D-COF, ten 
domain size values were collected from the four STM images. From the calculation of 
the average and standard deviation of these ten measured values, the average domain 
size of the ZnTAPP 2D-COF was determined to be 44 ± 16 nm.   
The growth of ZnTAPP/BDA 2D-COFs was also observed by utilising an 
unreacted ZnTAPP thin film deposited from toluene solutions. Figure 6.40 shows two 
STM images of the ZnTAPP 2D-COFs formed under this condition. The surface 
coverage of the ZnTAPP 2D-COF determined from the STM image shown in Figure 
6.40 (a) was 87 %. The average domain size of the 2D-COFs in this STM image was 
determined by collecting five domain size values and then calculating their average and 
standard deviation. As a result, the domain size of the ZnTAPP 2D-COFs shown in 
Figure 6.40 (a) was measured to be 35 ± 6 nm. For the growth condition presented in 
Figure 6.40 (b), three STM images collected at different locations of the same sample 
were used in the 2D-COF quality analysis. By taking the average and standard deviation 
of the surface coverage values from these three STM images, the average surface 
coverage of the 2D-COFs was determined to be 90 ± 3 %. In order to measure the 
average domain size, ten domain size values were collected from the three STM images. 
By calculating the average and standard deviation of these ten measured values, the 
average domain size of the ZnTAPP 2D-COFs presented in Figure 6.40 (b) was 
determined to be 49 ± 18 nm. Compared with the freebase TAPP 2D-COFs, the domain 
sizes of the ZnTAPP 2D-COFs are significantly smaller. We suggest that this possibly 
results from the lower solubility of ZnTAPP in toluene. ZnTAPP molecules show a 
stronger tendency to self-aggregate than freebase TAPP. Thus, newly prepared 
ZnTAPP/toluene solutions should be used to ensure a more reproducible ZnTAPP 
2D-COFs growth.  
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Figure 6.40. STM images of ZnTAPP/BDA 2D-COFs prepared by depositing ZnTAPP from 
toluene solutions. 2D-COF growth conditions: (a) CuSO4·5H2O: 0.15 g; ZnTAPP: 20 µl, 0.005 
mg/ml; BDA: ~ 1 mg in solid; Heating: 120 ºC, 3 h. (b) CuSO4·5H2O: 0.15 g; ZnTAPP: 10 µl, 
0.009 mg/ml; BDA: ~ 1 mg in solid; Heating: 120 ºC, 15 h.STM imaging parameters: (a) Vs = 
-0.85 V; It = 0.008 nA. Image size: 200 nm. Scale bar: 40 nm. (b) Vs = -1 V; It = 0.01 nA. Image 
size: 150 nm. Scale bar: 30 nm. 
Unit cell parameters of the ZnTAPP 2D-COFs were determined from high 
(a) 
(b) 
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resolution STM images that had been drift-corrected using the underlying HOPG lattice 
(see Figure 6.41 (a)). Figure 6.41 (b) shows a pair of drift-corrected STM images for the 
measurement of the unit cell dimensions of the ZnTAPP 2D-COFs. The zinc-containing 
porphyrin 2D-COFs exhibit indentical unit cell dimensions to that of their freebase 
counterparts within the accuracy of the STM measurement. The unit cell lattice values 
were measured to be a = b = 2.6 ± 0.2 nm and γ   89 ± 3°. The average and associated 
error values were determined by calculating the average and standard deviation of five 
sets of data collected from Figure 6.41 (a) and (b).  
 
      
Figure 6.41. (a) Drift-corrected STM image of ZnTAPP/BDA 2D-COFs. Image size: 10 nm. 
Scale bar: 2 nm. STM scanning parameters: Vs = -0.5 V; It = 0.015 nA. (b) A pair of 
drift-corrected STM images of the ZnTAPP 2D-COFs stucture (left) and underlying HOPG 
lattice (right). STM imaging conditions: left: Vs = -0.55 V; It = 0.015 nA; right Vs = -0.02 V; It = 
1 nA. 
(a) 
(b) 
a 
 
b 
γ 
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Figure 6.42. (a) STM image of ZnTAPP/BDA 2D-COFs demonstrating the formation of bi-layer 
2D-COF structures. Sample preparation parameters: 0.15 g of CuSO4·5H2O; 20 µl, 0.1 mg/ml. 
ZnTAPP in TCB; ~ 1 mg of BDA in solid; heating at 150 ºC for 2h. STM imaging conditions: Vs 
= -0.55 V; It = 0.015 nA. (b) Line profile measuring the apparent heights of the bi-layer and 
mono-layer 2D-COFs.  
In some STM images, for example, Figure 6.42 (a), the growth of bi-layer ZnTAPP 
2D-COFs was observed. To measure the apparent heights of the bi-layer and mono-layer 
2D-COFs, multiple line profiles (Figure 6.42 (b)) were taken to collect ten height values 
for each of the structures from the STM image shown in Figure 6.42 (a). The average 
and standard deviation of the ten height values were calculated to determine the average 
height and associated error of the bi-layer / mono-layer. As a result, the height of the 
bi-layer and mono-layer ZnTAPP/BDA 2D-COFs were measured to be 0.8 ± 0.2 nm and 
0.4 ± 0.1 nm, respectively. The percentage of the bi-layer ZnTAPP 2D-COFs was much 
lower than that of the bi-layer TAPP 2D-COFs. This probably results from the lower 
diffusion ability of the Zn containing porphyrin molecules on the underlying ZnTAPP 
2D-COFs. 
(a) 
(b) 
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Figure 6.43. NMR spectrum of ZnTAPP run in deuterated DMSO.  
The growth processes for the ZnTAPP 2D-COFs have so far not been reproducible. 
This is possibly related to the low purity of the ZnTAPP raw materials. Contamination 
present in the raw Zn-TAPP material may act as obstacles to the diffusion of ZnTAPP 
on the HOPG surface and prevent the formation of high quality 2D-COFs with large 
doamin sizes. Even after the use of the disposable syringe needles was stopped, 
significant silicon XPS signals could still be detected in the ZnTAPP molecular systems. 
From a synthetic point of view, the main source of silicon contamination would be from 
vacuum grease used to seal glassware joints. This source of contamination has been 
further confirmed by performing NMR analysis on the ZnTAPP powder used for 
2D-COFs growth. Figure 6.43 presents the NMR spectrum of the ZnTAPP run in 
deuterated DMSO (collected by Niall Goodeal). The peak at – 0.06 corresponds to 
silicon grease. Therefore, efforts to synthesis ultra-pure porphyrin raw materials will 
play an important role in the future successful growth of ordered 2D-COF structures on 
surfaces.    
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During the synthesis of the ZnTAPP raw materials, more efforts need to be put into 
improving the purity of ZnTAPP by removing all silicon related contamination. Then 
the 2D-COFs growth conditions, such as temperature and the amounts of precursors, 
should be adjusted carefully to increase the coverage and domain sizes of the ZnTAPP 
2D-COFs. Other volatile organic solvents in which ZnTAPP has a better solubility than 
toluene could also be investigated for the deposition of ZnTAPP.  
AFM studies 
The morphology of unreacted ZnTAPP films drop deposited onto HOPG from 
toluene solutions and the morphology ZnTAPP/BDA 2D-COFs grown from these 
deposited films were studied using Bruker Multimode8 AFM. As with TAPP 2D-COF 
samples, the homogeneity of the unreacted ZnTAPP films plays a significant role in 
determining the quality of the resulting 2D-COFs grown from them. STM and AFM 
measurements were performed on the samples after the 2D-COF growth process.  
  
Figure 6.44. PeakForce tapping mode AFM images of HOPG surfaces with: (a) unreacted 
ZnTAPP by drop depositing 10 µl of 0.09 mg/ml toluene solutions; and (b) ZnTAPP 2D-COF  
grown on a template in (a). ZnTAPP/BDA 2D-COF growth conditions: 0.15 g of CuSO4·5H2O, 
0.064 mg of BDA, 10 µl of 0.09 mg/ml ZnTAPP in toluene solutions, heating at 130 ºC for 15 
hours. Both image sizes: 10 µm. Both scale bars: 2 µm.  
(a) (b) 
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Figure 6.44 (a) shows the distribution of ZnTAPP on the HOPG surface following 
drop deposition of 10 µl of a 0.09 mg/ml ZnTAPP/toluene solution. ZnTAPP molecules 
exist as the bright 3D aggregates which locate along the step edges and on the terraces 
of the HOPG surface. By taking multiple line profiles through the 3D assemblies, the 
average height of the ZnTAPP aggregates was determined to be 5.0 ± 2.0 nm. The AFM 
image in Figure 6.44 (b) presents the ZnTAPP 2D-COF structures grown from the 
unreacted ZnTAPP film shown in Figure 6.44 (a). The sample was annealed at 130 ºC 
for 15 hours with water and BDA in the vapour phase. The 2D-COF exhibits a high 
level of homogeneity as can been seen from the AFM scan in Figure 6.44 (b).  
  
Figure 6.45. AFM images of HOPG surfaces with: (a) unreacted ZnTAPP by drop deposition of 
5 µl of 0.005 mg/ml toluene solutions; and (b) ZnTAPP 2D-COFs grown using the template 
shown in (a). ZnTAPP/BDA 2D-COF growth conditions: 0.15 g of CuSO4·5H2O, 0.053 mg of 
BDA, 5 µl of 0.005 mg/ml ZnTAPP in toluene solutions, heating at 120 ºC for 1 h 30 min. Both 
image sizes: 10 µm. Both scale bars: 2 µm.  
If the amount of ZnTAPP drop deposited on HOPG is decreased to 5µl of 0.005 
mg/ml ZnTAPP/toluene solutions, the ZnTAPP molecules still exist as 3D aggregates 
with a preference to stack along the step edges as can been seen from the AFM image in 
Figure 6.45 (a). ZnTAPP 2D-COFs were grown on this unreacted ZnTAPP film by 
heating the substrate at 120 ºC for 1.5 hours. The coverage of the ZnTAPP 2D-COF 
(a) (b) 
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formed via the Schiff-base condensation reaction was smaller compared with the result 
presented in Figure 6.44 (b). This difference is probably related to the differences in 
annealing temperature and time between the two experiments. The higher annealing 
temperature and longer time used in the case presented in Figure 6.44 would be more 
favourable for the growth of the ZnTAPP 2D-COFs by increasing the diffusion ability 
of ZnTAPP molecules on the HOPG surface. Apart from the annealing conditions, the 
decrease in the coverage of 2D-COFs in Figure 6.45 (b) could also be related to a lower 
amount of nucleation sites resulting from the decrease in the number of the 3D 
aggregates compared with the case shown in Figure 6.44. 
6.4.2 Chemical structure of ZnTAPP/BDA 2D-COFs 
The chemical nature of the covalent bonds formed between ZnTAPP and BDA via 
the Schiff-base condensation reaction was probed using XPS. While two different 
nitrogen species are present in a freebase porphyrin core [254], only a single nitrogen 
peak is detected in a metalloporphyrin core [255]. Details on the XPS experiments and 
criteria for XPS peak fitting can be found in sections 6.2.3 and 6.3.2. In a similar 
fashion to TAPP molecular system, nitrogen XPS signals were used to investigate the 
covalent bonding beween ZnTAPP and BDA.  
Unreacted ZnTAPP control sample 
ZnTAPP control samples were made by drop depositing 10µl of a ZnTAPP/toluene 
solution with a concentration of 0.027 mg/ml. The sample was loaded into the XPS 
machine following complete evaporation of the solvent and without any further heating 
steps.  
Figure 6.46 presents a series of XPS spectra for the ZnTAPP control sample, 
including: C1s, O1s, Zn2p signals and a survey scan of the full binding energy range. 
These XPS spectra were not used to analyse the chemical environment of the bonding 
formed after the Schiff-base condensation reactions, however, they do provide an 
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overview of the elemental species present in the system.  
 
  
 
  
Figure 6.46. XPS spectra for the unreacted ZnTAPP control sample. (a) C1s XPS region with a 
Gaussian-Lorentzian peak at 284.6 ± 0.1 eV fitted to the spectrum; (b) survey scan; (c) Zn2p; and (d) 
O1s.  
Figure 6.47 is an N1s XPS spectrum collected from an unreacted ZnTAPP control 
sample. This spectrum is an average taken from two areas on the same ZnTAPP control 
sample. Three nitrogen peaks are expected from this spectrum, including: one satellite 
peak; one nitrogen peak corresponding to the amine groups on the outer phenyl rings; 
and one nitrogen peak associated with the nitrogens coordinated to the central zinc atom 
in the porphyrin core. According to previous reports in literature, the binding energy of 
the nitrogen coordinated to the central zinc atom is 398.5 ± 0.3 eV [244, 247, 249]. The 
starting positions for the satellite peak and the nitrogen peak associated with unreacted 
amines were set to be 402 ± 0.5 eV and 399.5 ± 0.3 eV. The restraints for the FWHMs 
(a)                       (b) 
(c)                        (d) 
Chapter 6. On-surface synthesis and characterisation of mono-layer covalent-organic frameworks 
199 
of the peaks were the same as those used for fitting the XPS data for the freebase TAPP 
molecular system.  
 
Figure 6.47. N1s XPS spectrum for the unreacted ZnTAPP control sample.  
Peaks in 
XPS 
spectrum   
Nitrogen species Chemical 
formula 
Binding energy  
in experiment  
(± 0.1 eV) 
Percentage 
of total fit 
area 
 Amine on phenyl 
ring  
399.8 51.4 % 
 Nitrogen 
coordinated to zinc 
inside porphyrin 
core   
398.4 48.6 % 
 Satellite peak ---- 401.5 ---- 
Table 6.5. Summary of binding energies and percentage contributions of N1s peaks from the 
N1s spectrum of unreacted ZnTAPP.  
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Detailed information about the peak fitting to the N1s XPS spectrum in Figure 6.46 
is summarised in Table 6.5. The percentage contribution of the two different nitrogen 
species in the ZnTAPP control sample to the total fit area was calculated after the area 
of the satellite peak was removed from the total fit area. The percentage contributions 
associated with the amine and zinc coordinated nitrogen were calculated to be 51.4 % 
and 48.6 %, respectively. The percentage contribution of the nitrogen species to the total 
fitted area is roughly equal, in good agreement with the expected the molecular structure 
of the unreacted ZnTAPP sample.          
ZnTAPP /BDA 2D-COFs  
 
  
 
  
Figure 6.48. XPS spectra for the ZnTAPP/BDA 2D-COFs sample. (a) C1s, the binding energy 
of the main peak: 284.7 ± 0.1 eV; (b) survey scan; (c) Zn2p; and (d) O1s.  
The growth conditions for the ZnTAPP/BDA 2D-COFs used in the XPS 
(b)                       (b) 
(c)                        (d) 
Chapter 6. On-surface synthesis and characterisation of mono-layer covalent-organic frameworks 
201 
investigation were as follows: 0.15 g of CuSO4·5H2O; 10 µL of 0.09 mg/ml 
ZnTAPP/toluene solutions; 0.064 mg of BDA; heating at 130 ºC for 15 hours. STM and 
AFM imaging was conducted on this sample to ensure the formation of the highly 
ordered ZnTAPP 2D-COFs over extended areas prior to XPS analysis.  
Figure 6.48 presents C1s, Zn2p, O1s and survey scan XPS spectra on the 
ZnTAPP/BDA 2D-COFs sample. As the binding energy of the C1s peak is 284.7 ± 0.1 
eV, the XPS spectra collected for the ZnTAPP 2D-COF can be compared with those for 
the unreacted ZnTAPP without further correction.  
Figure 6.49 is an averaged, fitted N1s spectrum collected for the ZnTAPP/BDA 
2D-COFs sample. Apart from the satellite peak, three nitrogen peaks were fitted for this 
spectrum. The binding energy of the N1s peaks for nitrogen coordinated to Zn and for 
nitrogen in an imine group are so similar that their individual contributions to the XPS 
spectrum cannot be separated [243]. The N1s peak located at the binding energy of 
400.6 eV corresponds to hemiaminal links formed between ZnTAPP and BDA.  
 
Figure 6.49. N1s XPS spectrum for the ZnTAPP/BDA 2D-COF sample. 
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The results of peak fitting for the N1s XPS spectrum of the ZnTAPP 2D-COFs are 
summarised in Table 6.6. In comparison to the N1s spectrum of unreacted ZnTAPP, the 
intensity of the peak associated with unreacted amine groups decreases significantly 
from 51.4 % to 17.6 % as the amine groups covert into imine and hemiaminal links. The 
percentage contribution of the nitrogen coordinated with zinc is assumed to be  
constant before and after 2D-COF growth as these atoms are not involved in the 
Schiff-base condensation reaction. The percentage contribution of the imine nitrogens is 
expected to be zero prior to the reaction taking place and is therefore estimated to 
increase to 12.4 % after the formation of the 2D-COF.  
Peaks in 
XPS 
spectrum 
Nitrogen species Chemical formula Binding energy  
in experiment 
 (± 0.1 eV) 
Percentage 
of total fit 
area 
 Amine on 
phenyl ring  
399.7 17.6 % 
 
 
 
 
Nitrogen 
coordinated to 
zinc inside 
porphyrin core 
& 
Nitrogen in 
imine links 
 
 
 
 
398.7 
 
 
 
61.0 % 
 Nitrogen in 
hemiaminal 
links 
 
 
400.6 
 
21.4 % 
 Satellite peak ---- 401.8 ---- 
Table 6.6. Peak fitting and interpretation of N1s XPS spectrum for ZnTAPP/BDA 2D-COF.  
Compared with the TAPP/BDA 2D-COF, the covalent bonds formed between 
ZnTAPP and BDA exhibit a higher hemiaminal to imine ratio in the XPS N1s spectrum 
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shown in Figure 6.49. This is possibly related to the influence of the zinc atoms within 
porphyrin cores. However, this could also be related simply to statistical fluctuation in 
the amount of imine and hemiaminal linkages. Further experiments that investigate a 
larger number of samples are required in order to demostrate a clear correlation between 
the presence of zinc and the hemiaminal to imine ratio. 
6.5 Conclusions 
In conclusion, highly ordered 2D-COFs were grown on HOPG substrates using the 
Schiff-base condensation reaction between either 5,10,15,20-meso-tetra(4-aminophenyl) 
porphyrin (TAPP) or 5,10,15,20-meso-tetra(4-aminophenyl) porphyrin Zn(II) (Zn-TAPP) 
and benzene-1,4-dicarboxaldehyde (BDA). Through using the facile synthetic method 
described in the thesis, the domain sizes of the TAPP 2D-COFs formed can be larger 
than 100 nm by adjusting the experimental parameters. These parameters include: the 
amount of porphyrin components deposited on the HOPG surface; the pressure of water 
vapour released by copper sulphate; annealing temperature; and annealing time. In order 
to ensure the consistency and reproducibility of 2D-COFs growth processes, the 
supporting surfaces, solvents and the raw molecular materials should be free from 
contamination. Highly purified raw materials and contamination-free solution 
preparation schemes are required for a successful 2D-COF preparation process.  
The exact morphological structures of the porphyrin/BDA 2D-COFs were 
determined using a combination of STM and AFM. The homogeneity of unreacted 
porphyrin films drop deposited onto surfaces is closely related to the structural quality 
and the domain size of the resulting 2D-COFs. in addition to mono-layer 2D-COFs, 
multi-layer porphyrin 2D-COFs grown on HOPG were also identified. 
The chemical composition of the covalent bonds formed between the amine 
functionalised porphyrins and BDA was demonstrated by XPS to consist of a mixture of 
imine and hemiaminal groups. These variations in the chemical composition of the 
2D-COFs were not discernible by SPM techniques. The water vapour released by 
CuSO4·5H2O influences not only the morphology and structural order of 2D-COFs, but 
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also modifies the chemical composition of the bonds formed following the Schiff-base 
condensation reaction.  
The above results relating to the growth, morphology and chemical composition of 
2D-COFs will play a key role in advancing studies towards the design, and controllable 
growth of novel 2D-COF materials with tuneable stuctures and functional properties.  
6.6 Future work 
In the future, investigations are suggested in three major aspects: novel growth 
schemes for 2D-COF materials; improvements in the morphology of porphyrin 
2D-COFs; and deeper insights into the chemical composition of Schiff-base 2D-COFs 
and how this is influenced by environmental conditions during growth.  
In our study, AFM imaging has been conducted on HOPG surfaces covered with 
unreacted porphyrin films and grown 2D-COFs. The initial distribution of porphyrins on 
the HOPG surface following deposition has been found to play a major role in 
determining the quality of the resulting 2D-COFs. Therefore, it would be interesting to 
try and deposit porphyrin molecules onto surfaces using different depsition processes. 
These might include: thermal evaporation under UHV; and spin coating. Compared 
with drop deposition, spin coating would help produce a more homogeneous unreacted 
porphyrin film in preparation for 2D-COF growth. The ability of the Cypher AFM 
system to resolve the molecular structure of porphyrins in 2D-COFs also opens the 
possibility of using insulating or semi-conducting surfaces to grow 2D-COFs.  
Based on previous studies of the morphology of 2D-COFs, more research can be 
conducted around the growth of multi-layer 2D-COFs and the composition of the 3D 
aggregates left on the surface after the growth process. More specifically, additional 
experiments need to be carried out in order to reveal how porphyrins in the upper layers 
of multi-layer structures stack on top of those in lower layers. Further experiments are 
also needed to discover the exact chemical composition of the 3D aggregates. 
In terms of the chemical composition of the 2D-COFs, other complementary 
spectroscopic techniques are needed to resolve the formation of imine and hemiaminal 
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groups. One such technique with the ability to combine the spatial resolution of SPM 
with the chemical specificity of optical spectroscopy is tip-enhanced Raman 
Spectroscopy (TERS). Some experiments have been performed in an attempt to tune the 
ratio between imine and hemiaminal groups. Additionally, several other reaction 
conditions to grow the TAPP 2D-COFs have been investigated to convert more of the 
hemiaminal linkages into imine linkages. However, no persuasive results have yet been 
obtained. The numerous potential applications of porous porphyrin 2D-COFs make 
research into guest adsorption, post-synthesis functionalisation and chemical 
strengthening of the bonds formed via Schiff-base condensation reactions promising 
areas of study. One particular example that merit further study is an attempt to 
chemically modify the 2D-COF structure by reducing imine links to secondary amine 
links. Such a chemical modification could be attempted by exposing the gwon 2D-COF 
to a typical reducing agent such as sodium borohydride. Reduction of the imine linkages 
to secondary amine links would produce a 2D-COF structure with a greatly enhaned 
resistance to decomposition by hydrolysis, an important step to making the 2D-COF 
structures more widely applicable. 
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Chapter 7  
Summary and future work 
The synthesis and characterisation of two-dimensional (2D) organic molecular networks 
are in the interdisciplinary fields of surface physics and chemistry, molecular 
nanocience and 2D materials. These 2D molecular networks have potential applications 
in molecular electronics, chemical catalysis and sensors. The formation of highly 
ordered 2D molecular networks can be realised either by a non-covalent supramolecular 
self-assembly approach or by covalent on-surface synthesis of 2D covalent-organic 
frameworks (2D-COFs).  
This PhD thesis has focused on studies of 2D self-assembled molecular networks 
and 2D-COFs grown on HOPG substrates. Three distinct molecular systems have been 
investigated using scanning probe microscopy (SPM), X-ray photoelectron 
spectroscopy (XPS) and molecular mechanics (MM) simulations. These results 
demonstrate the numerous factors that influence the formation of hydrogen bond 
stabilised 2D self-assembled molecular networks. Moving from non-covalent molecular 
networks to 2D-COFs, the results presented in this thesis demonstrate the pivotal 
importance of using coupled chemical and structural analysis to investigate how the 
chemical composition of 2D-COFs can be tuned by controlling the growth environment.  
In chapter 4, the self-assembly of a tetra-carboxylic acid derivative, 
5,5 -´(anthracene-2,6-diyl) diisophthalic acid (ATC) was investigated at a liquid-solid 
interface. ATC molecules self-assemble into extended 2D molecular networks at the 
interface between heptanoic acid and HOPG. Three distinct self-assembled molecular 
arrangements were observed for ATC including: porous Kagomé, parallel and 
close-packed structures. Concentration variation experiments showed that the observed 
morphology of ATC 2D self-assembled networks exhibit a concentration dependency. 
The Kagomé structure dominates at the low concentrations, while the parallel and 
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close-packed structures dominate at higher concentrations. The co-assembly of ATC 
with a guest molecule, coronene, leads to the formation of a bi-component Kagomé 
structure. The chirality of the Kagomé structure was identified using STM images of the 
central anthracene backbone of the ATC molecule. This chirality arises from the 
prochiral nature of ATC which can adopt one of two different enantiomers upon 
adsorption to the HOPG surface. These results illustrate the possibility to utilise the 
self-assembly of ATC to gain a systematic understanding of morphology and chirality 
control over interfacial self-assembled molecular networks.  
In chapter 5, the surface-based self-assembly behaviour of thymine functionalised 
porphyrins, including tetra-(phenylthymine)porphyrin  (tetra-TP)  and  its  
metallated derivative, tetra-(phenylthymine)porphyrin-Zn(Ⅱ) (Zn-tetra-TP) was 
investigated. These molecules formed highly ordered 2D porphyrin arrays stabilised by 
thymine-thymine hydrogen bonding when deposited at a liquid-solid interface. In 
addition to mono-component porphyrin networks, both thymine functionalised 
porphyrins are also observed to co-crystallise with 9-propyladenine (PA) molecules to 
form an ordered bi-component molecular network. Freebase tetra-TP has also been 
shown to form a bi-component network with melamine. The formation of these 
homo-molecular and hetero-molecular networks demonstrate a novel strategy for the 
assembly of highly ordered porphyrin arrays on surfaces by utilising selective hydrogen 
bonding interactions between DNA nucleobase pairs.  
Chapter 6 discussed the synthesis of highly ordered porphyrin 2D-COFs at the 
vapour-solid interface. Schiff-base condensation reactions between  either 
5,10,15,20-meso-tetra(4-aminophenyl) porphyrin (TAPP) or 
5,10,15,20-meso-tetra(4-aminophenyl) porphyrin Zn(II) (Zn-TAPP) and 
benzene-1,4-dicarboxaldehyde (BDA) were used as a facile synthetic route to 2D-COF 
formation. The results presented here demonstrate the importance that the molecular 
system is free from any contamination in order to ensure the consistent growth of the 
2D-COF layers. According to the results of AFM invesitgations, the morphology of the 
resulting 2D-COFs are closely related to the homogeneity of the deposited porphyrin 
films on the HOPG surface prior to 2D-COF growth. In addition to these morphological 
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studies, the chemical nature of the covalent bonds fromed between the amine 
functionalised porphyrins and BDA has been revealed to consist of both conjugated 
imine and non-conjugated hemiaminal bonds. This chemical composition is linked to 
the environmental conditions under which the 2D-COFs were synthesised. Our results 
highlight the importance of utilising complementary experimental tools to study both 
the morphology and chemical composition of 2D-COF materials.  
In the future, more investigations are needed for each of these molecular systems. 
The interfacial self-assembly of ATC shows a dependency on the concentration of 
solutions deposited onto HOPG surfaces. In orded to illustrate exactly how 
self-assembled structures of ATC change with concentration, a more detailed range of 
concentration experiments is required to be carried out. As the ATC solutions were 
deposited on HOPG substrates at room temperature, kinetic effects will have a 
significant influence on the morpholgy of the resulting ATC network. The role that 
kinetic effects play in the self-assembly process of ATC needs to be further investigated 
by adding annealing and cooling steps to the network preparation. This temperature 
change would remove or minimise kinetic effects, and thus, promote the formation of 
self-assembled structures with minimum Gibbs free energy. Therefore, the 2D 
self-assembly of prochiral of ATC would be controlled by changing concentration and 
temperature. The results from these experiments would reveal new knowledge about the 
thermodynamic and kinetic factors that influence carboxylic acid drived 2D 
self-assembly. This would contribute to utilising ATC as another model molecular 
system to study guest adsorption and chirality selection for 2D self-assembly that occurs 
at the liquid-solid interfaces.  
In comparison to carboxylic acid groups, the flexible and selective hydrogen 
bonding between DNA nucleobases has the potential to drive the self-assembly of 2D 
molecular networks with more structural diversity. This increase in complexity of 
possible morphological structures would offer a wider range of 2D molecular networks 
to explore the functional properties and performance in real applications. The study of 
the 2D self-assembly of the thymine functionalised porphyrins is expected to be 
expanded to include porphyrin molecules functionalised with other DNA nucleobases 
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such as adenine. The observation of chrial domains for the tetra-TP mono-component 
network and the tetra-TP and PA bi-component network suggests the possibility of 
controlling the chirality of these self-assembled structures. One possibility for achieving 
this chiral control would be the inclusion of a small quantity of an additional chiral 
component. This approach is similar to the sergeants and soldiers approach utilised by 
K.-H. Ernst et al. [256]. The self-assembly of Zn-tetra-TP can be potentially extended 
from mono-layers to bi-layers directed by the axial coodination bonding between 
pyridine and the central Zn atom. In order to form stable 2D Zn porphyrin arrays, the 
self-assembly of Zn-tetra-TP with a similar tetra adenine functionalised porphyrin 
species are suggested to be studied. 
Of the three different molecular systems investigated in the thesis the porphyrin 
2D-COFs offer the most potential for development and future applications. The 
additional chemical and environmental stability offered by covalent bonding makes 
2D-COFs good candidates for numerous applications ranging from catalysis to 
molecular electronics. In relation to the fabrication of 2D-COFs, future work will be 
carried out to optimise the growth procedure, with a particular focus on improving the 
structural quality and domain size of the 2D-COFs. One of this first steps towards 
improving the structural quality of the 2D-COFs is to gain more control over the 
homogeneity of the initial porphyrin layer deposited on the surface prior to 2D-COF 
growth. Spin coating is a widely used industrial deposition technique that may be used 
as an alternative method to produce homogeneous porphyrin films. By increasing the 
structural quality and domain size of the 2D-COF materials, it is hoped that new 
materials properties inherent to the 2D materials that are linked to the level of structural 
order will start to emerge. In particular, the conjugated nature of imine bonds suggests 
the possibility of using 2D-COF fabrication methods to form new, fully conjugated 2D 
materials. Conjugation over large areas in these 2D materials will open up the 
possibility of using the 2D-COF layers as components in electronic devices such as 
sensors of field-effect transistors [257, 258].  
One aspect that will be of fundamental interest is the formation of an electronic 
band structure for these 2D materials. As the size of ordered 2D-COF domains increases 
Chapter 7. Summary and future work 
210 
then fully conjugated 2D-COF layers will start to develop a delocalised valence band 
structure that reflects the chemical composition and structural order of the material. 
Planned future collaborations include the use of experimental techniques that will allow 
us to probe the band structure of 2D materials with nanometre resolution. One such 
experimental tool is nanoscale angle resolved photoemission spectroscopy 
(Nano-ARPES) at the SOLEIL synchrotron in France [259]. Nano-ARPES 
measurements of the porphyrin 2D-COFs would help us to determine if the materials 
are conjugated and if so to what extent. Knowledge of the extent of the 2D-COF 
conjugation is particularly important for the future application of 2D-COFs. The XPS 
results presented in chapter 6 have shown that the Schiff-base condensation reaction 
produced a mixture conjugated imine and non-conjugated hemiaminal linkages between 
molecules. The ability to study the nanoscale electronic properties of the 2D-COFs may 
help to clarify where the imine and hemiaminal links reside within the 2D-COF 
structure and what influence this has on the material’s electronic properties.  
In addition to observing a mixture imine and hemiaminal linkages in the porphyrin 
2D-COFs, the results in chapter 6 also demonstrated that the ratio of these two types of 
linkages can be influenced by the environmental conditions used during growth, 
particulary by the amount of water vapour present With this in mind, further studies are 
required to investigate exactly how different environmental conditions influence the 
composition and structural quality of the 2D-COFs: e.g. humidity, pressure, atmospheric 
composition and temperature. Developing a reproducible fabrication scheme that allows 
a more precise control over the chemical composition of the Schiff-base 2D-COFs is an 
important step for investigating how this composition influences the physical properties 
of 2D-COFs. This understanding of the link between structural and chemical 
composition and physical properties is pivotal for the future development of 2D-COFs 
for technological applications.   
All of the 2D-COF layers investigated in this thesis were grown on HOPG 
substrates. The choice of HOPG as a supporting substrate is largely based on its inert 
nature, ease of preparation and high conductivity. These properties make HOPG an 
indeal substrate both for growing ordered 2D molecular networks and for investigating 
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their structure of these networks with SPM. However, the use of a conductive substrate 
leads to several limitations in the properties and further analysis of 2D-COFs. One 
major limitation being that a conductive supporting substrate prevents 2D-COFs being 
used for electronic device fabrication. Recent developments in high resolution ambient 
AFM have made it possible to extend molecular resolution SPM investigations of 
2D-COFs to insulator and semiconductor surfaces. In particular, the growth of 2D-COF 
layers on transparent substrates would allow the optical properties of 2D-COF layers to 
be more easily investigated. There are close structural and chemical similarities between 
the porphyrins used in 2D-COF fabrication and the optically active bio-components in 
photosynthesis: e.g. chlorophyll [260]. Being able to grow ordered and possibly even 
complex porphyrin 2D-COF layers on transparent non-conductive substrates would 
make possible a wide array of optical spectroscopy experiments to study light induced 
energy transfer and charge separation in 2D molecular layers. Combining such 
experiments with the fine control over 2D-COF chemical and structural composition 
discussed above could open up new directions of research into optically functional 2D 
molecular nanostructures.  
In the experiments presented here, multi-layer porphyrin 2D-COFs were observed 
to grow. However, the detailed stacking relationship between the top and bottom layers 
of the 2F-COFs have not yet been fully revealed. Additional experiments are needed to 
be carried out in order to illustrate how porphyrins in the upper layers of multi-layer 
structures stack on top of those in lower layers.  
            
Figure 7.1. Schematic illustration showing the irreversible reduction of an imine linkage to a 
secondary amine linkage. 
Finally, a significant area that warrants further investigation is the post growth 
chemical modification of porphyrin 2D-COF layers. One key example of this approach 
“H2” 
NaBH4, CH3OH 
Chapter 7. Summary and future work 
212 
would be the reduction of imine groups to secondary amines (Figure 7.1). This chemical 
conversion would produce covalent linkages between porphyrin molecules that are far 
more robust and in particular resilient to decomposition by hydrolysis. Another 
important approach to the modification of 2D-COF structures is the use of component 
moleucles that produce 2D-COFs decorated with functional groups which could then be 
used for further modification. An example of this is the use of dialdehyde linker 
molecules with diol functional groups (Figure 7.2). Once incorporated into a porphyin 
2D-COF of the same morphology as presented in chapter 6, a suitably chosen molecule 
would leave the diol functional groups pointing into the pores of the 2D-COF network. 
These functional groups could then be used as reactive sites to attach other molecular 
species via the reaction between diol and boronic acid. This approach would provide a 
controllable way of adding functionality to the 2D-COF layers. This type of step by step 
molecular approach to the growth of complex 2D materials would open up a vast array 
of possibilities for the design and application of functional molecular nanostructures.  
         
Figure 7.2 The molecular structure of newly designed dialdehyde linker molecules with diol 
functional groups for the synthesis of porphyrin 2D-COFs. 
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